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DEVELQEMENT QF METHODS FQR SYSTEMATIC CONTRQL
- QF CARRIEH LIFETIME IN SILICON. SLICES

J;L} Lambert,_KjH. Sbmmer, E. Borchert, and J. Koch

In semicohductbr components such as dlodes, transistors,
and thyristors, the mlnority carrier 4iffusion length L 1is an
important. parameter. L 1ls a functlon of the lifetime 1 and the
mobllity u of these charge carrlers. Experlence has shown that
T is more variable than u. Preclse knowledge of the lifetime
and the extent to which 1t can be controlled is consequently of
great Importance for the diffusion length. This work deals
with the lifetime control in sllicon components prepared by
the diffusion fechnlque. The emphasis is on- application to
thyristor technology.

Adjusting the lifetime in the various p- and n-regions of
pnpn-thyristor structures is one of the most important unsolved
problems 1n the modern technology of semiconductor power elements
[1]. Very different requirements are made relative to the
magnitude of 7. For most types of thyristors, the hole life-
time Typ in the n-type base should be controllable to within
+20%. In addition, the tp~values must be adjustable in a very
widerrange for frequency %hyristors (in the range from 1-10 kHz)
tn forced-commutation current rectifiers and for extra-high-
voltage thyristors for use 1n hlgh-voltage d.c. transmission
systems (HVDCT). A frequency thyristor must have e.g. Tp-values
of 2-U4 usec, while the required lifetimes for thyristors in
HVDCT applications are between 50 and 300 usec.

The Influence of T on various properties of the components
mentioned above has already been discussed several times. Among
other things, a very strong influence on the transmission char-
acteristic and the recovery time of thyristors has been found.
The transmission characteristic was found to be determined by
the ratic W/L, where W is the base thlckness. In the high-
voltage region, Ref. 2 asserts: The larger L is, the greater
the conductivity modulation of the base region, and the smaller /12
the transmission losses. The recovery time is particularly

chosely linked to the lifetime of the surplus charge darrilers.
Other thyristor properties such as ignition current, holding
current, and reverse voltage are functions of the current
ampllfication factors of the two sub-transistors of the thyristor
structure and consequently of the T~yvalues of thelr base regions
[3]. In addition, 1t has recently been shown [4] that the
. temperature at which a component is: destroyed because of the

| ¥Numbers in the margin indicate.paginatlon in thejforeign text.



localizatton of the forward. current rises with increasing
carrler lifetime in the base reglon.

Studies: ¢n the influence of manufacturing processes on
lifet'ime are important here. It was discovered very early that
the relatlvely high initial lifetime of silicon crystals
(several hundred microseconds, measured by the photoconductive
decay method; (PCD]] drops to a few mlecroseconds after the high-
temperature treatments required for the indiffusion of doping
materials. With the ald of chemlcal analyses, it was found
that a primary cause of the reduction in lifetime 1s Impurities
diffusing inte the silicon where they act as recombination centers.
Such Impuritilies are malnly heavy metals such as gold, copper, or
iron [5]. The concentrations producing a marked reduction in
lifetime are on the order of several ppb. Such trace impurities
can originate in the quartz, the source material for the dif-
fusion, or the carrier gases. On the other hand, the influence
of nonmetalllec impurities -- such as oxygen or carbéon -- and of
lattice defects on recombination in silicon is still largely
unknown [1].

In order to reduce the carrier lifetime to the required
small values, only gold has as yet been used in practice. The
resulting problems are discussed in detall 1n this work. In
addition, procedures for better controel of T in a large reglon /13
are lnvestigated. The studies deal with the hole lifetlme Tp
in the n-type base (60 fem) of thyrlstors. The absence of
simple methods for systematically controlling the lifetime
impairs the yield in the production of conventional thyristors

and also obstructs the development of new types.

In Section 2, experimental methods for determining Tp are
discussed, baszed on measurements of polarity-reversing and
turn-off properties of diodes.

In Section 3, the gold.diffusion technique for reducing
lifetime is described. The reasons for the limited success of
this technique are studied, and methods for more reliable carrier
lifetime control are given.

Finally, in Section 4, the general features resulting in
reductions of carrier lifetimes In pn-structures are discussed.
In addition, the effectliveness of getter methods for ralsing
Tp-values 1s explained.



2. Determination of Minority: Charge Carrier Lifetime t in Diode /LU
- Structures & | '

While the PCD method is sultable for lifetime determination
in homogeneous materlal, the 1ifetime. in p-n structures can best
be determined from the transient properties of prepared p-ndiodes.
In contrast to the PCD method, which also involves the majority
carrier llfetime, the transient behavior of p-n.junctions is
essentlially determined by the minority carrier lifetime. The
comparlson between the results obtalned by different methods for
the lifetime is still an object of debate [6].

Two,techniqués Tor détermining T ﬁtilizé the transient
propertles of dilodes:

1. The drop in voltage is measured as a function of time
when the current pulse of ap-njunction loaded in the
forward direction is instantaneously turned off. This
1s the so-called post-injection decay method of Leder~
handler and Giacoletto [7].

2. The time during which the current remains constant is
measured when a diode is swiltched from the forward to
the reverse direction, the so-called retention time ts-
This method was developed by Kingston [8] and by Lax
and Neustadter [9].

Both methods are employed in the present work, but pre-
dominantly the second.

2.1. Conditions for Measuring Tt from the Transient Properties
of' Dlodes

T can be determined with particular simplicity from the
transient propertles of diodes under the following conditions:

1. The diode (Fig. 1) must be designed so that the Junction /1

poled in the forward dfrection has an emitter efflciency
of about unity. The forward current in the n-region is
then carried in essence by holes.

2. Weak charge carrier injectilon is assumed.

3. As in therthEOfies of [7, 8, 9], it is assumed that
Wn ¥ Lp (diffusion length of holes in n-region).

4. The metallic ceontact ta the n«base'dqés‘not inject.

5.  Volume recombination outweighs any surfacé”récbmbination.

3



~ As explglned in [9], the influence. of the capaclitance of
the P~N junction can he neglected for the diocdes employed here.
These conditions are satlsfied in our case. We now descrilbe
the measuring techniques mentioned in the introduction.

2.2, Determination of T

2.2.1. Post-Injection Decay Method

The followlng discussion deals with the above-mentloned ptn-
Junction peled in the forward direction, where the other condi-~
tions listed in 2.1 should also be satisfled.

In this method, the source for the forward current is
switched off instantaneously at the time t = 0. The post-
injection voltage V(t) drops from the value Vg to 0, correspond-
ing to the charge carrier recomblnation in the base. The dif-
fusion of charge carrlers from the space charge region during
this period can be neglected. V{(t) is& then glven by

. qu/kT

we) = X oan ) og . -t/ (1)

q -1) e

with k = Boltzmann constant, 4 = elementary charge, T = absolute
temperature. Equation (1) is graphed in Fig. 2a for the case of
practical interest, Vg = 0.52 V = 20 (in units of kT/q). The
additional charge carrier density Ap should decrease from the
original value Ap(0) by an exponential law of the form

) "t/f
ap (t) = ap(0)e P \ (2)
For the case Vb >> kT/q, and t/Tp - not very large%,mhhen
-~ kX ot
V) T Vo gt (3)

Je
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» It foldows from Eq. (3] that V(t) initlally drops off
llnearly (see’ Fig, 2a)y This linear drop has also been observed
experimentally. Hence, 1 can be determined from the slope
AV/&t in accordance w1th

o k7 1 '
T ¥ T AT (4)

' 2.2.2. Retentlon Time Method

As the current Ip flows through the diode in the forward
direction, i1t Is reversed. For a certaln time tg, the so-called
retention time, a reverse current IR continues to flow (see
Fig. 2b). After that, the current drops to the value of the
saturation current Ig. Physically;, thls means: the end of the
retention time 1s reached when the charge carrier concentratlons
at the junction have dropped to their equilibrium value, i.e.
the voltage has reached the value zero. Under the conditions
in 2.1, we then obtaln for the lifetime Tp of the holes [8]:

'~‘=‘f4‘f§) =TT (5) —

2.3. Discussion of the Conditions

In the following, we discuss the practical realization of
the conditions listed in 2.1.

Emitter Efficiency

Figure 1 shows the ptn-structures employed for the 1 meas-
urements. Gallium is diffused into 60 Qcm (fundamental doping ~
n 1014 em=3) phosphorus-doped n-silicon. The thickness Wp of
the p+ dayer:was 90 um, the gallium surface concentration 5-1 1018
cm 3» and the concentration gradient at the p-n.junction 3-101

4°7110]. 1In spite of this flat gradient, studles on the
current amplification factor for galllum diffused ptnpt-structures
with a base width W = 30 um showed that the emitter efficiency
is at least 0.85. The emitter efflclency is increased by the
inhomogeneous doping of the emltter reglon The first condition
(see 2.1) is thus satisfled.

'Ihjettion LeVel

The condition of weak injectlon 1s satlisfled by appropriate
choice of the current. The hole current density j in the n-base
is given by ‘



(6)

with D, = 13 cm@sec™! (hole diffusien coefficient). The diameter
of the current-carryling area is about 8 mm, so that the area

F = 0.5 cm®. The donor doplng is about 101LY% em-3, i.e. the case
of weak inJectlon is satlsfied for 4Ap << 101k cm“g, namely: /18

a lp L ' 1 ;
P = ¥ ]5§ ';11<‘<‘l('.)4t:m_3

with Lp = 100 um implies Ip << 10 mA.

This requirement is obviously too strict in the present
case. As shown in 2.4, there 1s no appreéiable effect for Ip
up te 20 mA.

Base Width Wn

If the conditions listfed are not satisfied, 1t will not be
the actual lifetime Tt which is determined by way of (5), but
only an "effective ligetime" Tpeff- Figure 3 shows the influence

of Wy on.t ®fT It can be seen that for Wo > 4.5 L, 1 °ff 35

independent of W,. This 1s consistent with the res ltspof other
authors [11, 12]. Hence, In this work, only diodes with a thick
base in the sense described (i.e. Wy > 4.5 Lp) are employed for
Tp measurements. -

n-Base Contact

If the theories in [7, 8, 9] are valld, no charge carrier
injection should result from n-base contact; i.e. the charge
carrier concentrations should not deviate from fthelr equilibrium
values there during the swltching process. This condltion 1=
satisfied by an ohmic contact. It can he simply prepared by
rubbing the sillcon with a gallium-wetted aluminum rod. The
rubbing probably dlsturbs the sllicon surface to such an extent
that high recombination rates are achieved at the metal-silicon
interface. In order to make sure of the ohmic characteristic
of such a conftact, current-voltage measurements were performed
for ntnm-structures with a diameter of 10 mm. . The nt layer was
formed with an Au-3b-alloy contact on the n-base; m designates
the galllum—aluminum layer on the silicon. The studlies extended
to currents of 50 mA and to structures with a base resistance /19
between 50 and 100 ficm. The measurements actually found an T
ohmic characteristic for these structures.

6
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. The diodes employed were prepared from large diffused
ptnpt-slices by. ultrasonic drilling and lapping off a p¥-layer.
They had a digmeter of 10 mm. They were then etched for about
10 sec iIn CP. 6, which reduced the surface recombinatlon rate to
values on the order of 10 cm/sec [13]. ~As deplcted in Fig. 1,
a metal contact 5 mm 1n diameter was applied to the p*-layer
with the aid of a gallium-wetfed aluminum rod, and a contact
10 mm in diameter was applled to the base layer. Apart from
its simplicity, the application of this procedure also has the
advantage that no additional high-temperature treatment is
required. Before the 1ifetime measurements, the current-voltage
characteristic of the rectifiers was checked; diodes with a
reverse current of more than 50 wA at 50 V were discarded.

2.4. Experimental Determination of Minority Carrier Lifetime

The T, values were determined for a number of such diodes
by both trgnsient methods. The measurements were taken with a
Tektronix 545 A oscillograph with a Type B plug-in unit. The
Torward current If could be set to the values 1, 2, 5, 10, and
20 mA and the reverse current to 0.1, 0.2, 0.5, and 1.2 mA.
The duration of the forward current pulse was 500 usec, i.e.
long enough to bring about the steady-state minorify carrier
distribution. The reverse voltage pulse in the Kingston method
was 1500 usec. It was not the current, but the voltage which
was measured.

The results of the measurements are reproduced in Table 1. /20
They show that the lifetime wvalues in these diodes were between
2 and 130 psec. It gives er¥ obtained with the post-injection

voltage method, the values tg obtalned by Kiéngston's method, and
the values of Tps calculated from (5). Ip ran through the given

values from 1 to 20 mA, and 0.1 and 1.0 mA were chosen for Iy
in the Tps determination. In the TPPI determination, it was

observed that the linear part of the descendling voltage-time
curve for Ip < 20 mA became less and less distinct as the current
decreased. The TpPI values for Iz = 5 and 1 mA are therefores

only estimated. The mean value'?bs of Tps,over the different

forward currents ét the two selected reverse currents ané the
lifetime value TPl for Ip = 20 mA are tabulated for the
different dlodes™ in Table 2.



2.5, Discussion of the Fesilts

Except for diode 6, T % 1s more or less'indepéndent of the
injection level and,,as~exgected, aISO‘gf Ig. The values for
T I are smaller than the calculated 1 ° values. Tor the

diodes with small Ilifetime values, réP% is about 50% of the

corresponding tg® and reaches about 75% of it as the lifetime
increases. As mentioned above, the post-injectlon voltage drop
was very difficult to evaluate for small currents. Experimen-
tally, it was always simpler to determine the tg values than
the slope of the voltage drap. Therefore, in this work, we
mainly use the retention method. The 'lmportant question of
which of the two methods yields the more accurate values for

o is presently the object of a special study [6].

3. Control of Minority Carrier Lifetime in Thyristor Struc-— /21
tures Through Gold Diffusion

3.1% Introduction

This chapter deals with the controlled adjustment of gold
concentration and thus the lifetime in diffused silicon slices
through solid-state diffusion. The goiZd!diffuslon process is
employed for virtually all types of silicon components, and is
thus of great technological importance. However, various
aspects of the process are not yet sufficiently understood.
Primarily, these are (a) the anomalous diffusion behavior,
expressed in nonideal concentration profiles; and (b) the
structure-dependence of diffusion, manifested by the scattering
of lifetime values after gold diffusion from one crystal to the
next. Another poorly understood phenomenon, which is 1lmportant
for component manufacture, is the influence of diffusing nt and
pt layers (with small resistance) on the gold distribution in
the slices. The main part of this chapter is devéted to the
investigation of these problems.

Specifically, these praoblems are:

(a) It 1is known that the gold concentration C in silicon
slices cannot be described in a simple manner by Fick's second
law:

[+ ace
= D =
§€ -1 S (7

In particular, it 1s not possible fto descrihe the process by
a simple diffusion constant D. If gold is allowed to diffuse
into a slice from both sides, the observed gold diffusion



profiles: are instead more. or less Independent of position In
the middle region. At the ends, C(x,t) rises to high surface
concentrations.  In Flg. 4, a typical gold diffusion profile

is compared with 1deal profiles, obtained by solving (7) [37]
with the 1Initlal condition C(x) = 0 for £ = 0. and the boundary /22
condition C/C' = 1 for x = Q, x = 2 (C!' is the saturation value
of €) for various times. The gold profile was taken from the
results of Martin et al. [14], who diffused gold Into a slice
300 ym thick for 20 minutes at 720%C. Similar gold profiles
were obtalned. at other diffusion temperatures and for other
diffusion times by Sprokel and Fairfield [15] and by Gilipin
and Beoatman [16]. The causzes of these anomalous gold profiles
and the practically important questlon of the tlme-dependence
of gold concentration in the middle. region has not yet been
adequately investigated. Hence, they are given special atten-
tion here. By means of experimental results of the author,

1t 1s shown in Section 3.4 that the gold concentration in the
middle region can be represented by a root function of the
diffusionctime. ‘

(b) It will turn out that the gold concentration in silicon
after a fixed finite diffusion time depends very sensitivelyw.on
the perfection of the crystal structure. For the production of
compenents, 1t 18 important to know this, since the degree of
imperfection of the starting material 1s substantially deter-
mined by the crystal-growing procedure employed, which thus
indirectly influences the properties of the components. This
materlial-dependence of gold diffusion is particula#ly important
for the productlion of power components such as thyristors, for
which a relatively large volume of silicon is required. In
the following, the specific causes of the material-~dependence
will be investigated and methods to overcome this difficulty
described.

3.2. The Irreproducibility of the Previous Gold Diffusion Process

We consider the following case from practice. A 200-4,
1000-V inverter thyristor for middle-~frequency applications
(v5 kHz) 1s to have a recovery time of 30 + 5 usec. Empirically, /23
it 1s found that a hole lifetime of 2.5 & 0.3 usec is required, -
based on the lifetime value from the -storage. charge. The
reasons for these small tolerances in the value of T, are dis-
cussed In Sectlon 1. In preoducing the desired ntptnpt-structure
from n-type sillcon, however, tp now dreps from several hundred
microseconds In typical cases to 20-30 psec, i.e. to a higher
value than the desired one of 2.5 psec. Hence, gold diffusion
is also necessary. '

Previously, it was assumed that a reproducible gold con-
centration was Introduced into a silicon structure of given



dimensions under fixed diffusion conditlons. Table 3 shows that
this is not the case. At 785°C, gold was diffused for an hour
simultaneously #nto a number of p*tn-dlodes of different silicon
crystals, but with the same pt layer thickness and surface
concentration and the same resistivity (50 Qem) in the n-type
layer. Gold diffusion was carried out: for a similar group of
dicdes for an hour at 805°C. The evaporation of the gold and
the prior cleaning of the surface were always subject to the
same conditions.” As can be seen from the table, the values for
Tp after both diffusions fluctuate considerably, varying by

a factor of almost 4.

Nevertheless, the lifetime t,{(t) after diffusion is not
independent of the lifetime 1" before diffusion. If the
recombination centers are independent of each other, we have:

1 A ‘1 ‘
U7 T g  ' e (8)

where T,'! means the carrier lifetime corresponding to the
indiffused gold concentration. The values of tp', which are
accordingly calculated from t," and t,, also vary widely.
However, in many cases, T," is much larger than t,, so that

T, '(t) v t7.(t). In generdl, it can be inferred tPom the scat-
tgring of @p'(t) that gold diffusion is material-dependent.

To overcome this difficulty, the manufacturer can proceed /24
in the followin§ manner: Let gold !ldiffuse into a certain
group of ntptnp™ structures. Gold is initlally diffused into
some test structures of the group under arbltrary conditions,
e.g. for an hour at 830°C. From these gold-diffused structures,
ptn-diodes are now produced, with the aid of which tp(t) is
measured. If t.(t) is larger than.the desired value, other
samples are gold-diffused at a higher temperature and vice versa.
This 1s repeated until the desired lifetime is achieved with
the required accuracy, at which point gold diffusion 1is carried
out for the entire group. Since, in our experience, as many as
five test diffusions are required, this procedure is time-con-
suming and unsatisfactory.

3.3, Mechanism of Gold Diffusion in Silicon

A better solution to the problem described in Section 3.2
requires more precise comprehension of the mechanism of gold
diffusion in silicon. In this section, we wlll therefore give
a brief descriptlon of the previous work in this area, including
theoretical and experimental centributions of the author as well.

In previous works, conflicting valﬁés wéfé'found for thet
diffusion constant D = Dy e~E/kT of gold in silicon; Struthers
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[17) found D, = Q.QLL cm’z-&ﬁc"‘l and E = 1.32 eV, while Boltaks
[18] ovtained Dy = 2.44.10% cm2sec~l and E = 3.11 eV. Both

authors investigated the temperature range 800° to 1200°C and
obtalned thelr results by fitting the solutlons of (7) to the
profiles found, i.e. under the assumption of an. ideal diffusion
process. As was reported by Wilcox and La Chapelle [22], the

 g0ld profiles assume aryvirtually idegl form for relatively

long diffusion times In "thick" samples. (5 mm); from this form

an "effective" diffusion constant can be determined. The

different results of Struthers on the one hand and Boltaks on

the other might therefore be a manifestation ef such a material- /25
dependent effective diffusion constant.

Dash [19] obtained indirect evidence £ior the nonideal
behavior of gold diffusion. He was primarily interested in
the motion of dislocations in silicon during gold diffusion.
By careful grooving, he generated a small number of left-
oriented screw dislocations, and observed that the latter were
converted to right-oriented screw dislocations by subsequent
gold diffusion at 1000 to 1300°C. Dash concluded that the
screw dislocatlons had climbed during the gold diffusion. He
also deduced that this climbing process had to be connected
with generation, but not annihilation, of lattice vacancies.
Namely, 1t could be shown that the extent of climbing was
related to the diffusion time and was independent of the cool-
ing rate after diffusion. To explain this result, Dash proposed
that gold diffusion in silicon proceeded by a dissociative
substitution-interlattice mechanism, previously introduced by
Frank and Turnbull [20] to explain the anomalous rapid dif-
fusion of copper in' germanium. In accordance with the Frank-
Turnbull mechanism, the diffusing atoms can move both in the
interlattice as well as through lattice sites, where inter-
stitial diffusion proceeds much more rapidly than lattice
diffusion. The diffusing atoms then have certain interlattice
and lattlice-site solubilities. The diffusion current is now
carried more or less by interstitial atoms alone, a few of
which now fall into vacancies and are thus substitutionally
incorporated. The climbing of dislocations during the gold
diffuslion was attributed by Dash to the generation of ¥acancies.

3.3.1. The Frank-Turnbull Mechanism Qf Gold.Diffusion in Silicon /26

The princlple of the Frank-Turnbull mechanism, as developed
by these authors and later by Sturge [21] for copper in germanium,
is now employed for the case of gold diffusion in silicon. An
esgential feature of this mechanism is the conversien of rapidly
diffusing interstitlal atoms (Aup) into substitutionally
Incorperated atoms (Aug) by trapplng Iin vacancies (0) in
accordance with the relationship
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.Aﬁs.i_Aui + 0

The reaction vélocity-is thén:given by -

ac

where Cg and Cr are ‘the concentrations of the gold atoms in
lattice and Interlattlce. sites respectively and Cy 1s the
concentration of vacancies. For the constant K, we have:

c'
K = arip—
_ 1%

The apostrophes on the concentrations indicate the correspond-
ing equilibrium values. These values are assumed to depend
only on temperature.

The diffuslon of wvacancies and that of gold atoms over
interlattice and lattice sites is described by the equations

aoy T L Foy L al
% = v"‘?’* gy +
3 L : 3l . (10)
| . c ac
 3Cypia 3 I I
I A 22 ML (11)
aCe .
§£§= ns 5 , (12)

Here, gy 1s the vacancy generation rate and

alg
. and <t

acl\ !
5T \s y,l1

the time derlvatives of Cr and Cg respectively, to the extent
that they are determined by the lattice site Z Interlattice
site transition. Naturally,

30, aCq
Sl C T g (13)
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- From (9] with the condition 19 = 0, we obtain the relationship

c (1%)

S‘q'K‘CI‘JV

S 3.3.20 Helatlve 301ubillt1es and lefu51on Constants

In the following,‘the‘relatiye.Values‘of Ds, Dy, D and C§,
C¥, C} will be discussed as functions of temperature. These
values, glven hy different authors -- in particular by Wilcox
and La Chapelle [22] -~ are depicted in Figs. 5 and 6. Although
the values of Dg and Dy are only estimates, they still ought
to be of the same order of magnitude as the true values. It
is well known that atoms such as phosphorus and gallium diffuse
primarily substitutionally and thus have diffusion constants
of the order of magnitude of the Dg values shown in Filg. 5.
Analogously, atoms such as copper and iron which prefer to
diffuse interstitially have diffusion constants of the same
order of magnitude as Dy. The values for Dy and C{ were taken
from the literature for double vacancies, since 1t 1s unlikely
that simple vacancies participate to a significant degree in
the diffusion process in silicon [23]. In Fig. 6, the values
for C4/Ct were taken from [22]. The values for Cé/Cv were
calculated from values given by Bullis [24]. The sources for
the values of C&(T) in Fig. 7 and of C{(T) (double vacancies)
are Bullis [24] and Kendall and De Vries [23] respectively.

From Figs. 5 and 6 it can be seen that in the temperature
range of interest (700 to 1000°C),_the following relations hold:

Dy << Dy %< Dy, C4>> Cy, cy>> Cf

In the following study of gold diffusionin silicon, we
deal with the case of diffusion in thin (500 to 800 um) slices,
which is of interest from the practical standpoint. In view
of the relatively large value of D1 = 5.10-6 em2sec~1 at g00°cC,
the maximum interstitial solublility for Interlattice atoms will
be achieved after times on the order of some 10 secd. Thus, for
example, the diffusion length v(Dyt) = 500 pm at 900°C for t =

= 50 sec. The assumption Cy = C! is therefore sure to be

satisfied when considering diffuSions in thin slices for a
period of more than 1 hour.

"3;3;3."Diffusion'quel

The Pollowing model 1s formulated for the sequence of
events 1in the dlffusion processt

13



At the beginning of the diffusion process, because of
DI »> Dy »» Dg, atoms diffuse homogeneously within 1 minute up
to the satara%ion concentration C}.. Then 3Cp/3t = 0. Because
of the high diffusion constant Dy of the first term on the
right side of (11}, transitions from interstitial sites to
lattlce sltes are Vlrtually completely "intercepted“ by instan-
taneous-replenishment In accordance with (14), equilibrium
is achieved between Cg, .¢y+, and C The equilibrium polint at
the end of thls phase wil{ be rquired for the following
calculation and will therefore be:estimated in terms of order /29
of magnitude:

Addition of (10) and (12}, using (13}, and neglecting
diffusion yields the equation

' d(cv + CS) B
—at . T 8y

If there were no generation of vacancles, we would have

Cy(t) + ocg(t) = c{,J

because of the initial conditions Cg(0) = 0 and Cy(0) = Cy.
Under this condition, we would then obtain with (14) the
relationship

c! 7
(t) = y
Git) =3 ””;m} (15)

This value is a minimum for Cy, since generation produces a
value larger than C{;. At the end of this phase, we obtain
from (15), because of Cr = C}, in orders of magnitude

e

: 444 o
.'g - usl' --*TV << 1 ’

(16)

where K 1s expressed in terms of the saturation values in
accordance with (14). It will be found that the precise value
of © does not enter into the flnal result which 1ls our objec-
tive, as leng as this last lnequality is satisfled. That is,
as long as the vacancles fngit .produced during this phase by
‘generation do not change anything in this inequality, (16}

can be employed as an initlal condition for the subsequent
phase. In thls second phase which now follows, we can set Cr =
= C}, but now the diffusion of vacanciles and gold atoms to
lattice sites must be taken into account. Adding (10) and (12),
and using (14}, we obtaln '

14
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Dt waS‘dépictéd as a,fﬁnction of température in Fig. 5.

A simple expression for gyils obtalned from the mass action /30
law as follows: $ssuming a constant generation rate K' and a
recombination. rate proportiocnal to the exlsting vacancy concen-
tration, 1.e. K'Cy, we obtain for the total generation

&y = K' - K"oy J ' (18)

In thermal equilibrium, gy = 0, Cy = Cf, 1.e.
0 = K' - X"Cy (19)
Substituting (19) in (18) yilelds

- A1 - CV/G%’i:;' (20)

where A = K'Cﬁ.
With (17), (20) and the relationship resulting from (14):

ey - Cq
% T
we obtaln
om 2 . T
.acs » -] cs cs_ b
-a_f'D-a-;?+A(1'-U§’.‘ | (21)

Partial results can be estimated in a simple fashion from
(21): The initial condition followlng from (16)

Ca(x,0)
—%-é-—— -0 (22)

states that In practice there is a distribution over lattice
sites which is Tar under the equilibrium concentration. In .
accordance wilth (21), this concentraticn can elther be supple-
mented by diffuslton in from the edges, or by generation (second
term on the right side). 'As long as diffusion has not yet
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reached the middlie region, only the generation term on the
right side of (21) will make a perceptible contribution to
increasing the concentration.  Therefore, in the middle reglon,
the change iIn cancenﬁratlon is correctly described hy

!
]

dGS _ _3)
Cs

- = A (1

with the initlal condition (22]), for reasonably short times.
With k' = A/CL, the solutien then reads

k't

c -
.' U% = 1-(1-0)e . (23)

It can be seen that for times which are not too short, the
solution for © << 1 is practically independent of 9. As willl
follow from the experimental study of gold diffusion to be
described in the next Section 3.4, (23) does not supply the
right time- dependence for CS/C§ The experimental results
show that Cg/C§ is proportional to vt for k't << 1 and does
not vary linearly with t, as predlcted by (23). Nevertheless,
this model permits aqqualltatlve interpretation of the homo-
geneous, increasing (in time) gold concentration in the
middle region:

At the beginning, because of the high diffusion constant
D, only gold atoms diffuse over interlattice sites and dis-
tribute themselves homogenecusly over the thin slice with the
relatively low equilibrium concentration C}. The existing
vacancies will be largely fllled by pold atoms. However, the
concentration will be far below the equlillbrium density.
Further gold atoms will not be able to transfer from inter-
lattice sites to lattice sites until the vacancy concentra-
tion i1s raised at the position involved. Because of the
large diffusion constant Dy, the replenishment of gold atoms
via Interstitial siltes takes place almost "instantaneously."
Because of the relatively low diffusion constant Dy, %acancies
can be replenlshed by diffusion practlecally only in the
boundary regions, while in the middle region, the replenish-
ment of vacancles can only he accomplished by generation.

There is a further discusgion of the diffusion and
~generatlon mechanlsm in Sectlon 3.4.4.

3. 4 EXperimental Iﬂvestlgations of the‘G@@d lefu3lon Process

/31

/32

In this section, experlmental Investigations of the time-
dependence of gold concentration in the flat segment of the

16



profile in silicen slices by means of neutron activation
analysls are descrilhed. . The determination of gold in silicon
by actiyatlon analysis is simple and still very‘grecise, even
with very small quantitles to be analyzed (210-12 g).. This
high sensitivity is achieved because of the large effective
cross section for the capture of thermal neutrons and the
favorable half-life of the resulting gold isotope Au 198.
Thus, for example, a gold concentration of 1010 em—3 can be
determined In a sample of silicon weighing 1 g.

" 3.4.1.  Experimental Methods

Slices about 800 pm thick are cut out of cylindrieal single
crystals about 1 cm in diameter. These slices are carefully
¢cleaned in an ultrasonic bath, degreased, and then etched 1n
a CP6 etching solutlon (2 parts HNO3, 1 part CH3COQH, 1 part HF);
a gold layer 0.5 uym thick is deposiged from the vapor onto the
etched surfaces. The slices prepared in this way were placed
in a three-zone diffusion furnace. The inert gas argon was
circulated through at a rate of 60 #/min. Its temperature could
be held constant within $1°C over a length of 15 cm. The gold
was indiffused at a fixed diffusion temperature between 750 and
1100°C. The diffusion time was between 1 and 100 hours. Then,
by withdrawing them quickly from the furnace, the specimens
were cooled fo room temperature at a rate of about 10°C/sec.

The non-indiffused gold was easily removed by an etching sclu-
tion of HNO; and HCl. A silicon layer 150 um thick was removed
on both sides, the first 100 um mechanically by lapping, and

the remaining 50 um chemically by means of CP6. To determine

the diffused-in gold radiochemically, the slices were then
activated for 3 days in the Karlsruhe nuclear reactor with a /3
neutron flux density of 1013 em-Zsec~l. After the silicon T
activity had died away (i.e. after roughly 24 hours), another

100 ym silicon was removed chemiecally from both gides of the
slices, in order to eliminate any possible surface contamination
with gold resulting from incautilous handling of the specimens
between the last etching step and the end of the irradiation.
Accordingly, of the 800-um-thick slice, only a thin 300-um

plate remained for the study, i.e. only the middle of the
original specimen. This also makes sure that the measured gold
concentration will not be artificially elevated by including

the original surface reglons because of the possibly higher gold
concentrations there (cf. Flg. 4). ' '

The determination of the gold distribution in the specimen
was carried out with the aid of known radiochemical technfiques.
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34,20 Gold Concentratlon as a Function of Time in Middle of
CSilicon Slice with High Dislocation Density '

The first studles were carried out on silicon slices con-
taining about 10" dislocatlons/em? (crystal A). The dislocation
density was defermined by etch pit counts. The source of the
material was Wacker Co., Munich. The material was zone-pulled
and n-conducting with values for the resilstivity p between 40
and 60 Qem.

These slices were gold-diffused at 835°C over various times
between 1 and 100 hours, each slice never being used for more
than one diffusion. By means of profile measurements on the
sample with the diffusion time of 1 hour, it was ensured that
a flat proflle could be produced in the center of the sample
under these experimental conditions as well. (For this purpose,
with the ald of a slow-acting etchant, a layer about 30 um thick
was removed on both sides of the initially 300-pum sliice.)

; The results of the gold-concentration measurements in the /34
middle of the specimen are plotted on a log-log graph in

Fig. 8 (curve A). The gold concentrationiis, expressed in terms

of the solubility C& (at 835°C, ¢& = 8.0-101% cem=3 [2147).

Figure 8 shows that the curve obtained can be described well

by the relationship (ef. (23))

gz : T '.-_e_. _kot) ) -

For kst << 1, we obtain the square-rcot function

\
C
-cz-. a "kot

From Fig. 8 (curve A), we obtain a value of kg = 1.34-10"2/hour.

(25)

3.4.3..Gold Concentration as a Function of Time in Middle of
~Silicon Slice with Low Dislocation Density

Under the same experimental ﬁonditions as described in
Section 3.4.2.for sillcon with 109 dislocations/cm2, Cg/C4

was determined as a function of t for "dislocatlion-poor"
silicon as well. Two crystals (B, C) were studied which were
prepared under different conditiens: crystal B was prepared
using a modified zone-melfing procedure ("Lopex" material)
Texas Instruments Co., Dallas, Texas). Crystal C was obtalned
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by the Czochralskil procedure using a quartz crucible (Wacker Co.,
Munich). 'Both crystals were n-conducting with p. &~ 50 Qema  In
comparison with crystals A and B, which had concentrations of
dissolved oxygen less than 1017/cm3, crystal C contained more
oxygen (101l8/cm3).

Etch pit studies again were lnitlally employed to determine
the dislocatlon density. In crystal C, the count of etech plts
yielded a surface density of N & 102/cm2.  The density was higher
in crystal B. The Interpretation of the pits as etched points /35
at which the dislocations penetrate the surface was checked by
X-ray crystallography, and this confirmed only the value N &
v102/em2 for. the erystal C. On the. other hand, the crystal B
appeared free of dilslocatlons in the (more reliable) x-ray
diffraction pattern. The etch pits must therefore have arisen
at defects of a different nature. Etching effects which have
nothing to do with dislocations are known. However, they were
not further investigated here.

The measured dependence of Cg/C& on t for the crystals
B and C 18 likewlse plotted in Fig. 8. Here too, (24) describes
correctly the experimentally determined curve. The constants
are kg = 1.9-10=3/hour for crystal B and kg = 1.4-10-3/hour for
crystal C, i.e. much smaller than for crystal A. Allowing for
the measuring accuracy of 5%, with which the gold concentration
was determined with the aid of activation analysis, and in
spite of the greater scattering of the measurements ocbserved,
it still appears that a genuine effect 1s involved, which can
perhaps be attributed to local fluctuations of ky in the
crystal. Further evidence in support of this hypothesis is
found later in connection with the discussion of the variation
of carrier lifetime with time during gold diffusion.

Additional values for Cs(t)/Cé are incorporated in Fig. 8
from the work of Sprokel and Fairfield [15] for Czochralski-
pulled material of low dislocation density for two gold-
diffusion temperatures (1000, 1100°C). It can be seen that
these results are_also correctly reproduced by (24}, here
with ko = 5.0-10"3/hour at 1000°C, and k, = 4-10-2/hour at
1100°cC.

Further measurements of Cg(t)/C§ at varlous temperatures
are plotted in Fig. 9 for the dislocation-free crystal B. The
resulting values of ko(T) are depicted in Filg. 10 as a funection
of 1/T; the energy 2.3 eV can be calculated from the slope of
the Arrhenius lines. A correspending energy of 2.9 eV is
obtalned from the two values of ko of Sprokel and Fairfield [15].

ﬂ"@

19



™~
)
o

|

Nelther the temperature-dependence of Ko nor the experil-
mentally obseryed yt-~dependence of gold concentration has yet .
been successfully explained. The time-dependence can only be
understood wlth the ald of corresponding vacancy generation
rates. Helgl and Sizmann [25] found an ilncrease 1in vacancy
concentratlon propeortional to vt in platinum.

N T S EU acancy-Sources in Silicon

Although (24) has not yet been interpreted theoretilcally,
it 1s st1ll possihle to come up with some ideas on the physical
importance of 'k,. As can be seen in Fig. 8, crystal A (10
dislocations/cmz? has a ks which is greater than that of the
low-dislocation-density crystals B and C by about a factor of 10.
Since dislocations can serve as sources of vacancles, kg
obviously depends on their effective density Vg. The larger
ky 18, the greater Vo must be and the faster Cg wlll converge
to its saturation value.

Different values for ko or Vg in different crystals have
great practical importance, because they inevitably result in
different gold concentrations in the ecrystal for ldentical
diffusion times. The irreproduclibllity of carrier lifetime
after gold diffusion found in Section 3.2 should be due to
this fact.

However, the results obtained from crystals B and C imply
that, apart from the embedded edge dislocafions, there must be
tbher lattice defects active as vacancy sources 1n commercilal
silicon erystals. John [26] gives a description of lattice
defects found (in addition to dislocations) by electron micro-
scope 1n silicon "with semiconductor character," such as that
whlch we have studied:

1. rather large Inclusions of forelgn substances, several
um 1n diameter,

2. segregations rich in silicon, particularly Si0Op and S1C,
3. @®ing-shaped defects, probably silicon-vacancy clusters, /
4, :so-called etch-hills, and flnally /3

5. star-shaped formatlons, which can be assoclated with
a local breakdown of the sllicon lattice.
Récehtly de Kok [27],in etching experiments on single
dislocation-free, high-resistance silicon crystals, found other
ring-shaped etch-plt patlerns, and also interpreted them as
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etched vacaney clusters, which. could arise in a crystal saturated
with vacancles if 1t were cooled very rapldly. Another phenomenon,
the so-called "deping rings"™ [26], can also be canfidently
assoclated thh,macroscoplc lattice defects. These are ring-
shaped fluctuations in electrical resistance around the
crystallization axis. They have been detected In sllicon,
independent of its semiconductor quality, and are consildered
unavoidable in the usual crystal prepapation procedures.

3.5. Contfdl cf'Chargé'Carriéf LifétimE‘in Gallium-Diffused

After discuSsing the gold diffusion process in silicon, we
now investigate problems associated w1th precise control of the
hole lifetime 7, in the n-region of a p th-diode. Between T
and the gold cohcentration, there is the following relationship

(27)

T, - 52 ("n.p' ®n, 4 o p)

This excludes other possible recomblnatlion centers as
indiffused substitutional gold atoms. Here ap and fp are
the electron and hole capture cross sections for the gcig acceptor
or donor levels in silicon, and n and p are the concentrations
of free charge carriers, which determine the charge carrier
injection level [24]. Assuming Cg >> Cp, then N = Cg. This
means that the substitutional gold is the only significant
recombination center. Using (27), and assuming that the
diffusion conditions for gold are given by (24), Tp(t) can be /38
described after a diffusion time t by the function

— e

. I TR O T
. ‘Cp(t) T \ € ) (28)
min

Tmin is the minimum saturatlon value of charge carrier lifetime
for t + « and Cg + C§.

In order to check (28) experimentally, two lmportant
prerequisites must be satisfied:

a) Before the beginning of gold diffusion, no other
active recomhination centers can be present, but the charge
carrier lifetime W hefore dififusion must at least be much
larger than the Va&ue TpCtl after diffusion, since

! R 1 (8)
RACIRE S < \
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The 1ifetime T} refers only-tg-indiffuaédzgold. Since Ig'>>_xp(tl,

we obtain T  19(31 | | -
As will be described later, T& > 100 usec can actually be

achleved in the preparation of p*ngdiodes by means of liquid

gallium sources. Since the largest measured values of Tp (8
after l-hour gold diffusion were on the order of 10-15 usec,
the condition for Tt = t.(t) was therefope satisfied in our
experiment. Théﬁcogrespgnding v values were measured by the
retention-time methed (Ip = 5 mi, Ig = 1 mAj.

For small vaiﬁes of f', such as those obtained in con-
ventional vapor-phase gallium diffusion for preparation of
ptn-diodes, rg = Tp(ﬁ], and thus Tp(t) can be_repreSented by

T N 1 1 N kot
R A ) "-E;"Jf‘_" ) (29)

b) If the ptn-diodes are quenched from the diffusion /39
temperature to room temperature at the end of the diffusion
process, additional recomblnation centers can be generated in
addition to the indiffused gold atoms. Silicon is amply de—
formable above about 1000°C. Mechanical stresses created in
a slice if it is rapidly cooled from temperatures above 1000°C
relax via slipping processes with the formation of dislocation
networks [28]. This slippage causes either directly or indirectly
a decrease in charge carrier lifetime, probably due to the
creation of dangling bonds. Hence, in order to check (28)
experimentally, slipping processes must be avolded. This was
achleved by choosing a gold diffusion temperature in the non-
plastic range of silicon, namely 850°C. The following experiment
proved that this temperature is low enough. A dlode was placed
in the diffusion' furnace at 850°C, and then rapidly wilthdrawn
after thermal equalilzation (after about 10 sec). The tempera-
ture of the slice was measured with an optical pyrometer.
Measuring Tp after the quenching experiment yilelded the original
value of the lifetime Tﬁ = 8Q usec. If the experiment was
repeated at 1050°C with an ldentlcal diode from this series,
however, a decrease in 1y from 82 psec to 18 psec was observed.
However, this decrease in 1y is ascribed to the quenching
process, since under these condlitions, ne appreciable gold
diffusion into the n-base can have taken place. With D1 = 7-10-6
emlsec~L (1000°C), the diffusion length is ¥(Drt) = 84 ym for
t = 10 sec. The gold concentration was therefore ralsed
essentially only in the pt-zone.

Although thils experiment will inevitably suggest itselfl,
no such tests have yet heen reported, to the knowledge of the
author. Perhaps the problem was the difficulties in recog-
nizing or adhering to the necessary experimental condltions.
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'3.5.1. Yariation in T, with Diffusion Time ko

Te study the vartatlon in 1y with a diffusion time €,
galltum~diffused ptn-diedes (10 mm diameter, 800 um thick)
were coated on both sides with gold layers 0.5 um thick and
placed in the diffusion oven at ahout 800°C for up to 180 hours.
After the diffusion process, the diodes were quenched to rocm
temperature as described above. The applled gold layers were
removed in a HCL-HNO3 solution. After 5-10 sec etching in
CP6, the original current-voltage characteristic of the diodes
was restored. This required the removal of a layer only a few
um thick from the silicon surface, and therefore produced no
essential change in the diode dimensions. Tty wWas measured
before and after the diffusion process. The same dicde was
then again coated with gold, and 1y was agaln measured after

a longer diffusion time t. 1In this way, the decrease of Tp
with € could be determined.

During the first series of experiments, three diocdes (1),
(2), and (3) were diffused with gold at 785°C for different
periods of time (max. 180 hours), and then the Ty values were
determined. Diodes (1) and (2) were from the same initial
-erystal D\Haldor-Topsoce 3-706-1), while dlode (3) was prepared
from another crystal E (Wacker U4K/ZN 325) with, however, similar
properties. 1In every case, it was zone-pulled n-material with
30~50 fiem and 104 cem~2 mean dislocation density.

The experimental values are summarized in Table 4. TFor
diffusion times longer than 100 hours, Tg(t) converged to a
minimum Tpin = 1.5 usec. In Fig. 11, Tpin/T,(t) 1s graphed
vs. t on a log-log scale. Good agreement is found between (28)
and the experimental curve. Nevertheless, the large scattering
of the k, values for the three diodes (2.8-10-2/hour, 2-10-2/hour,
and 10—1?h0ur, respectively) 1s noteworthy. This scattering is
unexpectedly large even for the values for diodes (1) and (2)
from the same crystal.

" 3.5.2. Investigation of the Condition TS = Tp(t) /41
The experiments just described were also carried out on
dicdes with values of 1§ not much smaller than the corresponding
1,(t) values after the‘%irst'diffuaiqn step. The diodes (6)
from crystal B (Lopex 35442} and (7) from.crystal F (Komatsu
36 4973) had Té values of 15.2 ysec and 16.0 psec, respectively.
Ny
5

After. l-hour diffusion at 775°C, these values diminlshed to
13.8 psec and 8.9 usec respectively.
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4 . The yalues of T,(t}) determined in this way are listed as a
. functlon of t“in‘TabRe 5.. Figure 12 shows the values of T
calcylated from (8) pletted against t. It can be seen.tha

dicde (7} reaches the minimum of 1.5 usec after 180 hours, while
diode (6} has not yet. reached the saturation value after even

t = 180 hours. The result on the Lopex crystal (lower value

of kg) 1s coenslstent with the finding in the activation analysis.

The previous conslderations treated only problems assoclated
with defined gold incorporation in simple, gallium-diffused p+n—
structures. The influence of additional nt-~ and pt-layers will
now be investigated, in particular for ptnph- and ntpinpTathyristor
structures. We prepared the corresponding nt-layers by phos-
phorus diffusion, wlth a surface concentration of C5 = 5.1021
em—3 and a diffusion depth Xp = lO_E@. For pt-layers, the
corresponding values were Co = 5+10 cm~3 and Xp = 90 um.

Comparison of p*n- and ptnpt-Structures

Starting fromfxﬂ1p+np+—structures, five pT™n-diodes were
prepared by lapping off the p+-1ayers. The n-~layer had a thick- éﬂg
ness of W, = 500 um and a resistivity of pn = 50 ficm; the
repeated measurements of 1! for these diodes furnished a mean
value of 80 usec. After dgposition of gold from the vapor, these
diodes were diffused together with the other five ptnpt-structures
at 850°C. Following the gold diffusion, the ptnpt-structures were
converted to ptn-dicdes, and t,(t) was determined for all ten
elements. The same mean value of 1.9 % 0.2 usec was found for
both element groups. This proves that additional gallium pt-
layers do not affect geld diffusion in any way.

The Influence of Gold Diffusion 1n Thin Diodes on One or Both Sides

Five further p'tn-diodes from the same diffusion series were
now coated with gold on one side (the n-zone) and then diffused
under the above experimental ccenditlons. The resulting mean
value for tp(t) was 2.0 % 0.2 usec. Comparing this value with
the value o% 1.9 £ 0.2 usec for diodes diffused on both sides
proves that tp(f) under the given experimental conditions does
not depend on whether gold 1s diffused in on both sides or just
one side. This experimental finding can be Interpreted as
follaows:

. In the center of the slice, gold concentration Is inde-
pendent of position (X]. There must be Just enough interstitial
. gold atoms present to guarantee the conditlion Cp. = C} for all

X at the end of the flrst diffuslon phase. These interstitial
atoms can be supplied from either one or hoth surfaces.
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Comparison of ntptnpt- and ptn-Structures with Respect to Gold
"Dﬁffusiqn ' '

- Finally, we will investigate the influence of an additlonal
nt-layer on the gold diffusion process., Theoretically, the /43
solubility and diffusion of a charged impurity atom in a semi-
conductor, Iin this case gold in silicon, are functions of the
position of the Fermiilevel [40Q, 41i]. : This will be discussed
in detail in Section 4.6 on the gettering of metallic impurities
by highly doped nt surface .layers. We will just mention here
that gold has a-high solubility but a low diffusion capacity in
phosphorus—diffused nt-zones. On the other hand, this is not
observed for highlg,doped boron pt-zones with surface concentra-
tions of C, = 5.1021 em—=3 [29]. This last fact agrees with the
above result that gallium pt-layers with a somewhat lower Cqy =
= 4.1019 em~3 do not affect the gold diffusion process. However,
additional phosphorus or arsenic nt-layers might be able to
affect the gold diffusion process and bring about higher wvalues
of 1, than those found for the ptn-diodes investigated here.

This” should be checked.

For this purpose, 15 n+p+np+—structures were divided into
three groups. The first group was coated with gold on the nt-
layer (phosphorus), the second on the :pt-layer, and the third
on both sides. They were then diffused under the conditions
mentioned above. Subsequently, lower values of 1,(t) were
found only when the pt-layer was coated with gold. In the
other case, the final values of Tp wWere unchanged.

In summary, it can be stated that gold diffusion in thin
ptn-silicon diodes yields values of tp(t) after diffusion
which are independent of whether:

a) gold is diffused into the slice from one or both sides,

b) an additional gallium pt-layer is produced resulting in
a ptnpt-structure,

¢) there is also a phosphorus or arsenic nt-layer, so that
an ntptnpt-structure is involved.

Higher values of 1p(t) are observed only when existing /44
interstitial gold atoms can only reach the center of the n-zone
by diffusing thriough the nt-layer. This is a consequence of
the high solubility and low diffusion capacity of gold in the

nt-layers.
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‘316?"ﬁbpiﬁtéﬁiﬁnﬁbf‘fheiﬁesﬁItS'tbiCbhtr01'Df‘Minqrity'carrier
CLifetime 0 ‘

. ippreproducibility of lifetime control via gold diffusion
was aggﬁituteg here to thg nonuniformity of the values of ko and
Vq for the different crystals. As already shown in the previous
sections, this manifests itself In the scattering of the T (t)
values for finite diffusion times (ef. (24) and (28)). Unfor-
tunately, the present technologlcal state of‘31ngle si}lcon
crystal growing. does not permit. the prepafatlon of silicon
wlth a hilgher degree of homogeneity relative to‘kg. Heyce, it
1s still not possible. to. specify diffusion condl?lons with
respect to time and temperature to obtaln a.spe01fic valge of
TP(t). One possible solutlon 1s the select}on of diffusion
times long enough so that Tp{(t) = Tyin- This can be correlated
via the diffusion temperature. However, the experiments show
that diffusion times of more than 100 hours at temperatures of
8§00°C are required, and a simple diffusion process all_the way
to saturation is therefore time-consuming. The effecfive
diffusion time can nevertheless be reduced to a reasonab}e
duration when the following two-stage diffusion process 1is
" employed, using silicon of low crystalline perfection.

Let the deslred walue of t1,(t) beiglven by tpin(Ty). The
diodes are then diffused for a short time (e.g. 1 hour) at the
temperature Ty, where Tp > T;. This is followed by a longer
diffusion process at T7, in order to reach Tpin(Ty) with the
necessary precision [30]. The feasibility of this two-stage éﬂi
process 1s shown 1In the figures given in Table 6. 8Six diodes
from five different crystals with widely varying 1! values
were first gold-diffused for 1 hour at 820°C, and then for
another 90 hours at 780°C. Except for diode 4 (Lopex, low kg),
the same minimum value of 1.5 * 0.2 usec was achieved throughout.

4. High Carrier Lifetime in Gallium-Diffused Silicon Structures /46

4.1. Introductiaon

In this section we will dilscuss the technological problems
assoclated with the control of high hole lifetimes in the n-type
zones of gallium-diffused ptn-structures. By "control" we
mean elther

a) maintaining an originally high value of Tps OF
b) récovering this hlgh value of fp
by means Qf_gettéring pfocessés}  The necessity of achieving high

T, values in certaln silicon power components such as high-voltage
tgyristors has already been discussed In Section 1. As a special
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- example, the practical requirements on the forward characteristic
of U-kilovolt thyristors for HVDCT applications can be employed.
Such a component requires an n-base thickness Wp & 500 uym, In
comparison to Wp & 10Q pm for a 1200~V element. Let the ratio
/CDprJ/Nh be a quality factor for the forward characteristic.
Then T, for the. U4-kV element must be 25 times as large as that .
for the 1200~V element, for which 1p = L4 psec is a representative
value. Hence, values of 15 on the order of. 100 usec are required
for the 4-kV element. Simllarly high carrier lifetimes are

often needed in other types of sillicon.components prepared with
conventional. boron and pheosphorus diffusion technologies, such
as low-frequency power transistors and p-i-n diocdes for utiliza-
tion as nuclear-radiation detectors.

In view of the Importance of thils problem, the present work
on experiments 1in recovéring high carrier lifetimes by means
of gettering processes for the preparation of silicon components
should be of Interest for communication engineering.

The diffusion of gallium (instead of the more frequently /87
employed boron) into silicon to produce ptnpt-structures is a
key process in the preparation of thyristors. In the technology
of silicon components for communications engineering, boron is
employed instead of gallium as p-doping prineipally because of
its extremely low diffusion constants in Si0p layers. Hence,
i1ts applicatlon 1n the production of planar, passivated and
integrated components. However, the masking capacity of an
oxide layer relative to a p-doping element is not required in
thyristor technology, and moreover, the required deep-diffused
Junctions (100 um) are more satisfactorilly produced with gallium
than with boron. The maln reason for this 1s as follows:

Because of its relatively small ionle radius (in comparison
to silicon)}, boron, in concentrations greater than about 101 em—3,
produces a contraction of the silicon lattice sufficient to
generate linear lattice defects, the so-called misfit disloca-
tions [31]. Consequently, a boron-diffused layer 100 um deep
shows a disturbed surface region 50-60 um deep. This is an
undesirable effect, since this p+elayer is used for the formation
of a base region in the ntptnpt thyristor structure.

On the other hand, gallium has an ionic radius comparable
with that of silicon::the ratioc of the Pauling covalent radius
of gallium to that of silicon 1s 1.068, compared with 0.T746
for boron [32]. Furthermore, the sglubllity of gallium in
the silicon lattlece at a fixed diffusion temperature is smaller
-- e.g. at 1250°C, 4.1012 em-3 vs. 5.1020 cm~3 for boron -~ and
this 1s another reason why fewer misfit dislocations are
observed in gallium-~diffused layers. Another advantage of
~galllum over boron is its somewhat larger diffusion coefficient.
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- Gallium is conveniently diffused into the slllecon from the
vapor phase ln sealed-off quartz ampules filled with argon,
with g Ga-81 alloy as the source. In spite of careful handling
and high purity of the quartz parts and of the chemical etching
and cleaning reagents, the value of Ty generally drops by an
order of magnitude during a 60-hour dgffusicn at 1250°C.-~ from
several hundreds to several tens of microseconds. This drop
In carrier lifetime is usually blamed on the indiffusion of
rapidly diffusing heavy-metal impurlities such as Au, Cu, and Fe.
In this section (U], we will study the. benefits and the capa-
bilities of gettering processes for the elimination of such
impurities, iparticularly the gettering action of phosphorus-
diffused surface. layers, and possible gettering mechanisms. A
new gallium diffusion technique is also presented, with which
Tp values of more than 200 usec were achieved. Finally, results
on the origin and the nature of the principal recombination
centers penetrating the silicon durling a conventlonal vapor-phase
diffusion will be described.

4,2. Values of Tp in Silicon after Galllum Diffusion from the
Vapor Phase’

4,2,1. The Gallium Diffusion Process

Before diffusion, the silicon was c¢leaned as follows: the
glices obhtained by sawing up single crystals were first lapped
on both sides, in order to remove direct surface damage. Thils
meant the removal of about 70 um on both sldes. A1203 powder
(grain size 18 pm) in a petroleum oll of low viscosity was used
as the abrasive. After the lapplng, the slices were rinsed in
trichloroethylene and washed in an ultrasonic bath, first in a
detergent, in order to remove traces of the lapping oil, and
then in deionized water (p > 3 MQem)., Following thils, the
sllces were rinsed in Pb-free HNO3, in order to remove any
macroscopic metallic surface impuritles, and then in HF. After
this cleaning process, about 100 um of each side was chemically
etched in CP6, and the sllces finally rinsed in deilonized water.

The diffusion itself was carried out in sealed-off high-
purity quartz ampules. The source 1s prepared by alloying 5 mg
metallic gallium on a silicon block. The gallium is placed 1In
a small hollow in the silicon block. The alloying 1s carried
out for 1 minute at 8Q0°C in a H2 atmosphere. The arrangement
is depicted schematically in Fig. 13. The slices are stacked
vertically with no space hetween them. Before the ampule was
sealed, 1t was evacuated to 10~3 torr and filled with high-purity
argon to a pressure of 1/5 atmosphere, resulting in a pressure
of about 1 atmosphere at the diffuslon temperature of 1250°C.
The gallium vapor pressure at this temperature is 10-2 torr.
This 1s sufflclent to produce a surface galllum concentration
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in the silicen of about05%l0l8'cm’3,n'Aﬁter a 60-hour diffusion,
the silicon glices were cooled to 400°C at a rate of 1°C/min,
-and.-then quenched to room temperature. The depth of the.
resulting galllum-diffused layer was on the order of 90 um.

This. diffusion process makes it possible to economically
produce deep-diffused pfnp+-structuresg‘Which'consistently
possess an ideal reverse voltage characteristic after the
necessary pollishing of the edge of the slice. In addition,
the slices retain their polished. surfaces so that further
diffusion steps can be carried out without the necessity of
another surface treatment.

5.2.2. Values of 1, after Diffusion

As already indicated, the values of 1y after galliumadif-
fusion 1,(Ga) measured by the dlode retent¥on time method are
considergbly shorter than the carrier lifetimes measured in
the original specimens. In order to discover the material-
related factors which could influence t,(Ga), 16 experiments
were conducted with diffusion for 60 holirs at 1250°C in each
case. The results of this exhaustive study can be summarized
as follows:

1. The mean values of 1,(Ga) were between 5 and 60 usec. /50
2. Apart from a few exceptions, 1,(Ga) is roughly equal
for slices of identical dimensions but %rom different silicon
crystals, when they are diffused at the same time. By "dif-
ferent silicon crystals," we mean zone-pulled crystals with
different dislocation densities (N » 0 to 104 ecm~2), different
resistivities (p & 10 to 200 Qem), and crystals with the same
specifications but from different manufacturers.

3. The values of Tp wlthin a crystal can vary by up to
+20% from the mean value. There was no well defined correlation
of this scattering with the resistivity or with the dislocation
density.

4. Diffusions which were repeated after a certain perlod
(months) with the same material and under identical diffusion
¢onditions ylelded different values of Tp(Ga).

From these results, wé.Can draw the following conclusions:
1. 'Thé.UHiformity in thé.Va&uéS'of fp(ﬁa).for different .
but simultaneously diffused crystals suggeSts that the recombi-

natlon center -- or the centers responsible for the decline in
Ty =~ penetrated the silicon during the diffusion process from
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the outiside. On the qQthery hand, thissls incompatible with the
results that a substantial number of centers are formed during
the diffusion process or the high-temperature process due to
internal resrrangement processes. For completeness, however,
1t should be.pointed out that such Internal center formatlon
has been observed in silicon. Oxygen, which, as an impurity iIn
crucible-pulled crystals, is usually electrlcally Inactive,
forms -a donor complex SiQyt when the silicon is tempered at
4506°C. This donor then supplies a recombination center with an
energy level 0.16 &V below the conduction band [33].

2. Tp(Ga) is not appreciably affected by the presence of /51
incorporated dislocations.

3. However, the scattering in Tp(Ga) shows that the
distribution of indiffused centers can be affected by the
presence of other lattice defects such as dislocations and
vacancy clusters.

4., Obviously, there is no connection between T1,(Ga) and
the original value of the carrier lifetime in the sigicon crystal.

4.3. Phosphorus Gettering of Ga-Diffused Structures

In this sectlon, we willl discuss the results of experiments
in increasing t,(Ga) by an additional phosphorus gettering
process. Gatzbgrger and Shockley [34] have already reported on
the application of surface layers of phosphorus silicate glass
and other glasses to improving the current-voltage characteristic
of gsilicon p-n diodes. They observed that poor diode charac-
teristics, such as high leakage currents and "soft" characteristic
curves, can be considerably improved by growing phosphorus
silicate layers on the silicon at elevated temperatures (about
1000°C). They assumed that the poor characteristics were
asscclated with the formation of segregations of metallic
Impurities in the space charge regions. These Impurities might
have diffused into the structures during manufacture. It was
proposed that phosphorus silicate layers be employed as getters
for these metals, the getter actlon being produced by the higher
solubility in the silicate layers, which are liquid at the
gettering temperature. It is Known that metallic impurities
in sillcon have small dlstribdution .coefficlents k{{(v10-5),
where k 1s defined as the ratiq of the thermal-equilibrium
concentrations of dissolved impurities In the solid and liquild
phases of a material.

Therefore, it was assumed that the metallic impuritles can /52

be removed or gettered from the silicon volume, in that they
would diffuse to these surface layers and dissolve in them.
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The possihle gettering action of phosphorus silicate layers
was studled in this work for two reasons. Flrst, one would
expect that removing metallic impuritles from Ga-diffused
ptn diodes would make 1t possible to obtain higher values.of Tp-
Second, the phosphorus diffusion process required to produce
Such layers can be used In every case after the generation of
the ptnpt sthucture to form the nt layer in the next step in
the manufacture of ntptnpt thyristor structures. It is there-
fore possible to carry out an optimlzed gettering process and
the formation of a diffused nt layer In a single step.

4,301, The PhosphdruS“Gettering‘Procéss

The phosphorus gettering or diffusion process was carried
~out in a conventional open diffusion system in a three-zone
diffusion furnace. The slices were -- as shown in Fig. 14 —-
stacked vertically in a quartz boat. A small quartz vessel
containing about 0.5 g dry P05 was placed in a preheating
furnace and held at a temperatiure of 250°C to 300°C. Under

these conditions, the Pp0Oc sublimes and is carried along in

the stream of dry argon, which flows at a rate of 60 2/hour

over the slllicon slices, which are heated to the gettering
temperature (800° to 1250°C). The P20g reacts with the natural
oxide layer on the silicon surface, formlng a phosphorus silicate.
Elementary phosphorus diffuses out of this layer into the silicon,
resulting in a highly doped nt layer.

The phosphorus silicate layer has e.g. a thickness of 0.6
um after 1 hour at 1250°C, while the corresponding nt layer is
11 pym thick. Once this process was completed, the slices were
slowly cooled to 600°C at a rate of 1°C/min, in order to avoid
thermal stresses, and then removed from the furnace.

4.3.2. Values of t, after Phosphorus Gettering

The influence of phosphorus gettering on 1, was studied
for gallium-diffused dlodes prepared in different diffusion
serles and at different points in the sllicon. The gettering
temperatures were varied between 800 and 1250°C and the times
between 1/2 hour and 10 hours. The results of these studies
are summarized In the following:

1. The change in the values of T, after gettering --
expressed by the ratio 1p(get)/1p(Ga) -- was found to be inde-
pendent of gettering congitions~'temperature and time) above
900°C: ty(getl/1,(Ga) fluctuates between the values unity,. l.e.
no gette ‘influegce;.and k. Frequently, the values were between
1 and 2. 'No decrease in Tp in gettering was observed. On the
other hand, 1t was not posslible to recover tp values even
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approaching the original order of‘magnitﬁde; This would not
be achieyed until tp(getditp(Gal) » 10. ‘ '

2. 'f'CQEEIftCGaI is‘independént of the'zonempulléd silicon
starting matertal employed, in particular, of 1lts resistivity
and dislecation density.

3. In the t,(Ga} range studied, between 5 and Mo_ﬁsec,
T (get /1y (Ga)] was independent of Tp(Gal-

y, Repeated gettéfing did not result in any appreciable
change in Tnget).

Hence, this phosphorus gettering carried out with the
intention of.achleving higher values of 15 in galllum-diffused
components was only slightly successful. " In order to understand
better the results obtained in thls case, further studles were
conducted. In particular, the following questions had to be
iInvestigated:

a) Does gettering of metalliec impurities through phos-
phorus diffusion actually take place?

b) If this is the case, what are the gettering mechanlsms
invadlved?

4,4, Phosphorus Gettering of Gold and Copper

Gold and copper are typical representatives of the rapidily
diffusing heavy-metal impuritiles in silicon, which can act as
effective recombination centers. Because of their large
capture cross sections for thermal neutrons and the favorable
half-lives of their radioisotopes (22 days), they can also be
conveniently detected by means of neutron activation analyses.
It might also be true that the results of a study of possible
gettering mechanisms of these metals through phosphorus layers
are directly appllcable to other heavy metals as well, such
as Fe, Ni, Mn, W, etc.

4y 4.1,  Experimental Methods [35]

Silicon slices 900 pm thick, obtained from a crystal with
a reslstivity of 50 fem and a dislocation density of 104 cm—2,
were tempered In a quartz ampule for 60 hours at 1250°C. From
prior experiments, it was known that under these conditions,
~gold and copper diffuse into silicon in suffilcient amounts to
be measured by activation analyses. Under the chosen experi-
mental conditions, the gold concentrations increased from 1010-
1011 cm=3 (silicon starting material} to 1012-1013 em-3, and

~
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the copper congentrations from 1011-1012 em-3 to 1013-101% em-3.

The slices were then gettered for 1 hour at temperatures
between 800°C -and 1200°C by the method described. in Section
4.3.1, | The gold and copper concentrations in the phosphorus
allicate and In the underlying phosphorus nt-layers and also.
the concentrations of the heavy metals remalning in the slices
webe then determined by means of neutron activatlon analysis.
This was done in the followlng manner:

After gettering, the slices were irradiated for 3 days in
a neutron flux density of 1013 em-2sec~l, in order to activate
the impurities.. Thereupon, the concentrations of the metals
in the phosphorus sillcate layers were first determined after
these layers had been dissclved in HF. Next, the underlying
n+—layer was etched off in steps of 1 um with a buffered CP6
etchant untll there was no longer any detectable radioactivity
in these layers. The remaining segment of the slice was dis-
solved in CP6. The concentrations in the various layers were
determined from the total amount of analyzed metal and the
known layer thickness. The layer thicknesses could be cal-
culated by weighing the slice before and after etching.

4. 4,2, @Gold and Copper Concentrations in Phosphorus Silicate
Layers

According to Gdtzberger and Shockley [34], the getter
action of the phosphorus layers is largely determined by the
high solubility of the metals in these layers, which in [34] /56
were assumed to be llquid at the gettering temperature. The
subsequently published phase diagram of the phosphorus silicate
system confirmed the liquid state of this system above about
1000°C [36]. The gold and copper concentrations found in
phosphorus silicate layers are listed in Table 7 as functions
of gettering temperature. The concentrations found are prac-
tically 1ndepend nt of temperature. It is about 101 16 em=-3 for
Au and about 101 m—2 for Cu. There is no sign that these
metals are more soluble at temperatures above 1000°C, when
the layers are liquid. The 1liquld state of the system 1s thus
not a prerequlsite for the gettering actlon. As will be
investigated later, 1t is more likely that the gettering action
is due to the appearance of chemlcal compounds between the
metals and the phosphorus.

I Concentrations I the'Slices after Gettering, Getter
" Relaxation Time

The gold and copper concentrations measured,in thé'sliceS'
after gettering are likewlse listed in Table 7. It was found
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that the gold concentration decreases with increasing tempera-
ture up to the detection limit of 2-1010 em=3 at 1200°C. On
the other hand, theé gold concentration after the gettering at
800°C was always stlll comparable with that in non-gettered
control speclimens. In all cases, the_copper .concentration was
below the detection limit of about 10%2 cm—3, i.e. at least an
order-of magnitude lower than that in the control specimens.
Hence, effective gettering of these metals had taken place.

At this point, 1t is uséful %o estimate.thé order of
magnitude of the times reguired to remove a speclfic Impurity
by a surface gettering process. . o

Let the concentration of the impurity at the surface be /57
Cos the thickness of the sillcon be W. We assume that getter
layers are applied to both surfaces of the slice in such a
fashion that the boundary conditions expressed by (30a) are
satisfied. The outward diffusion, i.e. the gettering, is
given by (30) and characterized by the diffusion constant D.

J!l

Then the diffusion equation

Co 5
o el £

with the boundary conditions
C(0,t) = C(W,t) = 0 for t > O (30a)

and the initial condition
C(x,0) = C4

has the solution [37]
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For CT(t)/Cy $ 0.8, (31) has a simple approximate solution of
the form : :

g s )

where Ty WZ/WED hag the significance of a getter relaxation '[ﬁﬁ
time. When the getter time t = t, has passed,((32) states
that about 2/3 of the.initial amount of Impuritles has been
gettered. For thls purpose, we conslder the gettering of a

500 uym thick silicon slice at 1000°C. The effectlive diffusion
coefficients D at this temperature are, according to [38]1, .
D(Cu) = 5.:10~2, and D(Au) = 5.10-7 cm~2sec-l. With W = 500 um,
we obtaln t,(Cu) = 5 sec and ty(Au) = 500 sec. In accordance
with the model employed, the getter relaxation times are there-
fore comparatively small and, in particular, only on the order
of minutes for the cases of practical interest. This is con-
sistent with experience. However, it should be noted that the
solution of the diffusion equation (30} for heavy metals in
sllicon does not hold striectly, since the diffusion process is
more complicated than expressed in (30), as discussed in detall
In the preceding Section 3. Thils will alsc be clear from the °
diffusion profiles of the metals in the gettered slices (see
next section).

4.4.4, Concentrations in the nt-lLayers

The phosphorus-doped nt-layers were etched off in steps of
1l um -- as described above —- the gold and copper profiles
obtained after 1 hour and temperatures of 1200 and 1100°C are
deplcted in Flg. 15. Figure 15 also shows the associated
phosphorus diffusion profiles obtained from control specimens
with the aid of stepped removal and layer resistance measurements.
Figure 15 shows that the solubility of these metals is very
large -- particularly in the nt re%ions where the phosphorus
concentrations are greater than 1020 cm~

Furthermore, in comparison to the corresponding silicate
layers, higher absolute gold and copper amounts were found in
the nt-layers, which increase . steadily in thickness at high
temperatures.

The ratio V of the quantitles of metal in the ntzlayer and /59
in the sillcate layer is plotted in Fig. 16 for various gettering
temperatures. - These results appear to indicate that, as their
thickness incregses, the n —layers hecome more effectlve getter
"ginks" than their corresponding sillcate layers.
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4.5, " Preltminary.Qonclusions

From the results presented in Section 4.4.3, it is clear
that the phosphorus. gettering process, even when conducted at
relatively low temperatures below 1000°C, is very effective for
fractionating out traces of gold and copper, which have entered
the silleon during a diffusion treatment. (A similar result
for the phosphorus gettering of iron in silicon has been
reported by. the author and coworkers in another place [39].)
Another interesting finding, which supports this cenclusion,
was obtalned by gettering sillcon dlodes doped with §o1d and
diffused with galllum. Gold was diffused into ten p"n dlodes
at 830°C for 1 hour. This lowered T, from 5.4 & 0.3 usec to
2.6 £ 0.2 puysec. The diodes were then gettered with phosphorus
for 1 hour at 1100°C. This resulted in an increased value Tp =
= 5.7 £ 0.4 usec. TFor ten control diodes of the same crysta
and the same diffusion series, on the other hand, the same
value 1p = 5.7 £ 0.4 psec was achleved by gettering alone. This
means that the indiffused gold was completely gettered. This
clearly suggests that the phosphorus gettering process is
effective not only for Au, Cu, and Fe, but alsc for other heavy-
metal Impurities such as Ni, Mn, Co, W, etc.

The results obtained by phosphorus-gettering of gallium-
diffused structures and described in Section 4.3.2. by the ratio
T (get)/rp(Ga) now appear comprehensible if it is assumed that /60
dBring the gallium diffusion treatment, two types of recombina-
tion center penetrate intoc the silicon, namely a heavy metal,
which, however, can be gettered by phosphorus layers, and
perhaps a slowly diffusing nonmetallic impurlitfy., which cannct
be gettered. The relative concentrations of these impurity types
probably vary statistically from cone diffusion series to the
next, but the concentration of the impurity which cannot be
gettered is likely to be higher. References to the possible
origin and nature of these latter impuritles will be given later.

4.6. Gettering Mechanlsms for Gold in Phosphorus-Doped Layers

In this section, we will attempt to discover the gettering
mechanism for gold in silicaon effective in the presence of
highly phosphorus—doped layers. We conducted the following
experiment ..

- Gold was diffused Into elght silicon slices for 20 hours
at 900°C.. Then the slices were quernched to room temperature.
After reheating at 1160°C diffusion was carried out in a
phospherus, arsenic, or boron atmosphere, in each case long
enough to produce roughly equally thick diffusion layers.
After removal of the diffused surface layers, the gold concen-
tratlon in each of two slices was determined by means of neutron
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dctivatlion anglysis. The results are compiled in Table 8.
Table 8 also contalng the results of studies on the influence

of a é-uym thick gallium surface layer on the gold concentration.
The table shows that phosphorus— and gallium-doped. layers exert

a2 conslderable. gettering effect, whlle arsenic-doped layers show
only a slight effect, even for longer gettering times, and
boron-doped layers showsno gettering action at all. Further- ~ /61
more, 1t should be mentioned that no increase in tp was

observed when arsenic was used, iIn contrast to the result with
phosphorus diffusioen.

We will now discuss different gettering mechanisms which
might play a role in-the fractlonation of metals —-- particularly
gold —- from silicon. These are (1) segregations at misfit
dislocations, (2) solubility increases due to the electron-hole
equilibrium, and (3) formation of ion pairs or compounds between
atoms of the metal and the doping substance.

4.6.1. Segregations at Misfit Dislocations

As discussed in Section 4.1, the high surface concentrations
produced in phosphorus or boron diffusion generate very "lattice-
defective" surface layers containing a high density of misfit
dislocations. It 1s known that the elastic strain fields of
dislocations act on a number of metallic impurities. This can
lead to the formation of segregations. The origin of segregas
tions at misfit dislocations ecould therefore be viewed as a
possible gettering mechanism in silicon. However, the absence
of any gettering of gold 1n boron-doped silicon slices (see
Table 8) precludes any such mechanism in this particularly
Important case.

4.6.2. Sclubility Increase Due to Electron-Hole Equidibrium

Both Reiss et al. [#0] and Shockley and Moll [41] have
discussed the question of how the solubility of a charged
impurity 1in a semiconductor depends on the position of its
different levels relative to the Ferml level. In thermodynamic /61
equilibrium, the concentration cof neutral impurities is inde-
pendent of the electrical potential. ' Charged metallle impurities,
on the other hand, can have higher solubilities in highly doped
surface layers than in weakly deped volumes. If the impurities
are also sufficiently mobile, a gettering actlon can result.

Wé.Will-now discuss thls pessibility for gold : in silicon
in greater detail.

. Gold at lattice sites has three charge states (Au™), (Au¥),
(aut), -as depicted schematically in Fig. 17.  The probability
w(E, N} that an impurity will have the energy E and N extra
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electrons is given [42] by

g .FN.-'-'E)

W(E, Nl = const. . eXp (—I‘TI'—

- For thé.thrééﬁstates of the gold atom, we thus obtain,
neglecting level degeneracies

_ EiEe o
W; = const. exp (_gf'2)3 w+‘=_const
- = o DB B <B. .. (33)
w = const. exp (o T A D)g
kT
This implies - _ .
- T TB=By. ... . ByBa
Et s B s ¥ = exp (—QEQ!) s 1 3 exp (_I_‘WA_) '! (34)

where N, NX*, and N” stand for the gold concentrations in the
different charged states.

Assumling that N¥ is independent of the Fermi level, we
obtaln for nondegeneracy

,.;rzgrl i :tﬂ;'i
e Mewr e (35)
NS SR :._‘._h. ot LB m il Do T e, e .
. . EpEp, Y /63
N" = ] exp (— ) = §jI-, (36)

where the lndex i1 designates the corresponding quantities in
the intrinsic material.

Taking (34) into account, the gold concentration N = Nt +
+ NX + N~ is found to be _

BB E,E
N = §N° [exp ('%%—g) +.1 + exp (- “%ﬁ‘g)] i (37)

It is Immediately evident from (36) that the concentration
of negatively charged gold should rise above the value in
intrinslc silicon as soon as n/njg » 1. This is the case in
silicon at 1000°C for n & 1019 em-3.," Direct experimental
verification of the result found in (37) is not yet possible,
however, since the gold levels Ep and Ep at high temperatures
are not known. = Perhaps 1t shpulg'aISO“ge remarked that 4 .
corresponding decrease of Nt follows in n-doped zones. However,
this effect 1is negliglble since the initlal concentration of
. gold iIn the positively charged state is 1ikely to be small [29].
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This méchanism.must-also be 1nsignificant in gold gettering,
gince arsentc-doped layers -- In contrast to comparably phosphorus-—
doped layers =- show only a sllght gettering action (see Table 8).

k6.3 Formatien of Temw Patrs and Compounds

The formation of ion palrs -— for example, between a
negatively charged gold ion and a pesitively charged phosphorus
lon -~ can also raise the gold concentration in phosphorus-
doped nt layers beyond the Increasedeseribed in Section 4.6.2.
Reiss et al. [40] first described the formation of such lon
pairs,. namely for Li+ and B~ in germanium. Here is a possible /64
palr reaction:

'

' j
x|, - - .
Au ”f.e + P == (aup)* / (38)

where e~ is an electron and (AuP)® a neutral pair. Using the
symbol Cp for the palr concentration, the mass action law then
implles

+

Cp = const.NXnNB ~ const NN for n N, o Np (39)

D D
Here n is the electron concentration and Np the donor concen-
tration. If such a mechanism is actudlly operative, the pair
concentration should increase quadratically with the::donor

concentration. Relevant measurements have already been made:

Cagnina [43] investigated the solubility of gold in silicon
highly doped with phosphorus or arsenic. His specimens had
homogeneous doping concentrations up to 8-1019 em—3. Gold was
diffused into his specimens at 1000°C up to saturation. The
results are depicted in Fig. 18. Although (36) demands that
N~ be a linear function of n or Np, the nonlinearity of N~ is
immediately evident. In both cases, the solubllity of geold is
roughly propertional to the sguare of the donor concentration,
as required by (39). In this connection, the somewhat higher
solubllity of gold in the phosphorus—-doped specimens is also
noteworthy. However, the difference is not large enough to
explain the substantlally more efflectlive gold getterlng of
phosphorus-doped layers in comparlson wlth arsenic-doped ones.
Nevertheless, the effect appears plausible bhecause of the
different chemical affinlties between gold and phosphorus oén
the one hand and gold and arsenlc on the other.

Namely, Wolley and Stickler [Z4] found the compound AuyPg

in gold- and phosphorus-doped silicon, while:stable compounds
hetween gold and arsenlc gre unknown at higher temperatures [45].
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Other metal-phosphorus caompounds are known as well, Includling - /65
CugzP and Fel. We therefore assume that these metals as well

are malnly gettered by compound fermation. These consldera-

tions should also apply to the getfering actlon of allicate

layers. - ‘

In this section, we will discuss a new technology. for
diffusion of gallium into silicon [U46]. Liquid surface layers
of metallic gallium on the silicon surface are used instead
of the vapor phase -as the diffusion source. At a diffusion
temperature of e.g. 1250°C, the silicon-gallium alloy has a
content of 60 wt-% silicon, as given by the phase diagram [451.
An initial pallium layer of thickness wgy will therefore
dissolve at this temperature a silicon layer wgi. According
to the lever law valid for this phase diagram, we have:

REEE - Ga -Bf . - . ‘
s0/60 = ([ 7Py ) e wgy /wgy (40)

With o%2 = 5.95 g/emd and pB = 2.33 g/em>, we then obtain

Wgy = E Wgg- Durlng diffusion, there is a liquid layer of
thickness wgy + Wgg on the silicon, and one might therefore
hope to explolt the possible gettering actlon of this layer

and the simultaneous gallium doping of the underlying silicon
to prepare ptn-structures with high Tp values. Investigations
on this point will now be described.

4,7.1. Preparation of Gallium Layers

We prepared thin Ga layers in two different ways:

In the first procedure, we exploited the low melting point /66
of gallium (T, = 29.8°C). Above 30°C, galllum can then be -
mechantecally distributed over a silicon slice warmed slightly
to e.g. 60°C e.g. by means of a Teflon strip. In this way, a
complete. coating was obtained for layer thicknesses up to
several um, but the layers produced in this way do not have a
uniform thickness. This can be Improved by vapor deposition.
Therefore, in most of the experiments, the layers were
evaporated on. However, there were no theoretical differences
between the two methods. ‘

bo .



"4;7(2{'Té'&fﬁéﬁ'LiquidﬁPhase:DiffHSTon‘

We first check the values of 1, obtained in p*n structures
with. 1iquid-phase diffusion as compared with those delivered by
conventional vapor-phase diffusions. ' For this purpose, four
slices. were cut from a zone-pulled silicon crystal 26 mm in
diameter (50 fRcem]), lapped and chemically polished; the thickness
was then 4 mm. - On two of these slices, high-purity gallium
(99.9999%, 1.e. 6-9) was deposited from the vapor In a layer
6 um thick. For the time being, no gallium was added to the
other two sllces. All four were inserted vertically with a 1 mm
separation in an argon-filled quartz ampule, and diffused for
60 hours at 1250°C. The gallium on the surfaces of the coated
$lices then acted simultaneocusly as a vapoer source for the as
vet gallium—-free slices. After diffusion, all slices were
lapped on one side, #n order to remove the pt:layer. Three
diodes were drilled ultrasonically from each slice, and 1, values
were then measured by the diode reftentlon time method. alues
between 220 and 350 ysec were obtalned for the diodes diffused
with 1liquid gallium, and values of 40 to 70 usee for the dicdes
prepared by vapor-phase diffusion. These 1, values .proved to
be reproducible at this magnitude as well. "~ Hence, when liguid
gallium was used, the recomblnatlon centers were elther pre- /67
vented from penetrating or else gettered by the liquid surface
layer.

Recently, Muraoka, Kato, and Nakumura [47] also reported
similarly high values of Tp (100 to 300 usec) in gallium-diffused
structures (from the vapor phase). However, the practical
Importance of their process appears doubtful, since the require-
ments relative to purity of the materials and of the chemiecal
reagents are very high.

4.7.3. Influence of Layer Thickness and Degree of Surface Cover-
age on T

Next, we Investigate more precisely the influence of layer
thickness on tp. For this purpose, slices with vapor-deposited
galllum layers 6, 3, and 1 um thick on both sides, together with
slices coated only on one side with 6 um gallium, were diffused
simultaneously 1in the same quartz ampule under the usual con-
ditlons. We obtalned t, values of 100-300 usec for the 6 um
layers, 60-200 psec for the 3 pym layers, and 40-60 psec for the
1 ym layers. .The.:slices coated only on one side achieved values
of 6Q to 160 psec.

These results, In particular thé‘dependencé'pf fp on layer
thickness, support the hypothesls that the penetratlon of life-
time-reducing lmpurifies is hindered, 1if not completely prevented,
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by the liquid surface layers. An alternatlve explanation,

namely, that existing but previously electrically dinactive .
impurities in the slliceon are gettered from the volume, 1s
unlikely, because a gettering actlon for the small quantities

of impurities should not depend to such a degree on the layer '£§§
thickness.

.............................

“Values of T?

The values of T, after the liquid-phase diffuslon proved to
be insensitive to thg purity of the gallium employed: the same
high values of T, of 100 usec were obtained even when a) the
surfaces were rinsed in ordinary tap water, or b) the slice was
exposed to the free atmosphere for several hours before the
gallium layer was deposited. Nelther did the utilization of
99.9% gallium, instead of 99.9999%, result in any reduction of
the T, values. For thils reason, liguid-phase diffusion as a
step gn production represents a considerable reduction in expense.
A drawback of the method 18 the necessity of removing the
gallium-silicon alloy layer before further diffusion steps are
undertaken. In the previously investlgated specimens, the
wetting of the 81 surface by the gallium layer also was offen
incomplete, so that the penetration depth of the alloy zone was
subjJect to fluctuations. Nevertheless, we are convinced that
the liquid-phase gallium diffusion in the preparation of p¥tn-
structures with very high 1, values will result in noteworthy
progress in silicon thyristor technology, when these difficultiles
have been overcome.

5. Measurements of the Hall Effect in Silicon for Determining /69
the Concentration of Deep Impurities

5.1. Introduction

The detection methods for deep impurities, which are still
effective in extreme dilution, are of great importance for a
systematic manipulation of lifetime dOpiE%. The problem is to
determine concentration (in the range 101Y9-1013 em~3) and
chemlcal association. In dddition te the frequently employed
—- but not successful for all elements -- activation analysis,
mass spectrometry and electron spin resonance come lnto con-
sideration for the lmpurity analysis. Apart from these
relatively elaborate techniques, which generally cannot be
employed 1n connection with production, photoconductivity [49,
50,. 51] ‘and capacltance-voltage measurements [52] and the Hall
effect measurements [53, 541 discussed in this chapter can
supply information on the impurities present.
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" Measurements of the Hall effect as a function of temperature
- furnish the relatlonshlp between charge carrier density and
temperature. “From this can be derlved the concentration and
perhaps even the energy level of the deep impurities. However,
one 1s subject to the limitation that only the upper half of

the forbldden band can be studled in n-type material, and only
the lower half ingp-type material. By comparing the measured
activation energles with literature values, the element can

be identified. The activatlon energies of the known impurities
in silicon intthe region of interest of the periodic table are
listed In Table 9. This representation provides a better gulde
in the search for unknown impurities. In considering the Table,
it is evident that the role of a large number of elements as
Impurities in silicon has not yet been investigated. The

figures were taken from the survey work by Schibli and Milnes
[48],:and supplemented or modified by data from more recent
research, e.g. for Pt [55], Co [56], Ag [57], S [58], and Na [59].
The majority of known deep impurities are found in the first
and second subgroups, the sixth group, and among the transi-
tlon elements.

To Justify the decilision to record Hall effect measurements
as a function of temperature, we should remark that this pro-
cedure constitutes the filrst improvement over a simple resistance
measurement, involving both the information to be obtained and
the effort required. The procedure furnishes directly the charge
carrier density and the type of conduction. Its sensitivity
grows with decreasing impurity concentration, a particularly
favorable circumstance in the investigation of low-doping-
concentration silicon for power components. In combination
with the resistivity, which can be measured with the same
experimental instrumentation, the mobility of the charge carriers
is obtained.

5.2. Construction and Operation of the Apparatus for Measuring
the Hall Effect 1n Silicon Specimens at Temperatures of
- 100=4807K

" 5.2.1.  Experimental Setup and Equipment

The measuring system employs the known d.c. steady field
technique. By reversing specimen current and magnetic field,
undesirable galvanomagnetic, thermomagnetic, and thermoelectriec
Interference voltages are elimlnated. The circult 1s depicted
in Flg.. 19.. . In designing 1t, we started from the fact that
relatively weakly doped sillcon speclmens were to be investl-
gated, L.e. that the specimens could be extremely highly
resistive particularly at low temperatures. To generate the
magnetic fleld, we employed the precision magnet B-E15C8 from
Bruker-Physik AG, Karlsruhe, with current-stabilized power unit,
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preciSion class lﬂ“5, and externally controlled reverse switch-
Ing unit. With a pole shoe diameter of 15 cm and an alrgap

. width of 56 mm, it normally operates with a flux density of
0.845 T. The magnetie flux density is determined by means of =~ /71
an InAs Hall prohe, the characterlstic curve of which was
previouslv recorded in = callbrating magnets : )

-

Resxstivity and the Hall effect were measured by the method
of van der Pauw [60]. The specimeni current was drawn from a
battery. and its setting monitored with a digital ammeter (digital
picoammeter MHS, Keithley). In accordance with the resistivities
of the Si specimens, the currents were belween 10-% and 10-9
A. The voltages were measured via a battery-driven impedence
converter. (Model 311 K, Analog Devices) wlth a digital voltmeter.
The Si specimen in the cryostat and all of the remaining circult
were electrically shielded. The circult was highly insulated,
using teflon.

During the measurement, the specimen is situated in a
teflon holder in a Dewar vessel under nitrogen. Its temperature
is controlled by a gas stream drawn from a temperature-control
unit (AEG). There 1s no electrical heating in the interlor of
the shielding. Temperature was measured with thermocouples on
the forward and reversgse sides of the specimen.

5.2.2. Preparation of the Specimens

The silicon specimens studied were 19-25 mm 1In diameter
and 200-600 um thick. The simplest preparation method 1s to
weld ultrasonically four aluminum wires as contacts to the
circumference of the etched 31 wafers. The ohmic component
in the Hall effect measurement can be kept small by precise
adjustment of the contacts. The wire contacts satisfy very
well the condition of "point shape."™ Since no special
temperature treatment is required in the preparation, there
is no danger that rapidly diffusing impurities will penetrate
inte the specimens during application of the contacts. The
aluminum ultrasonic contacts worked well for relatively low-
resistance n-type and p-type silicon (p < 50 Qcm). The
resistive behavior was reviewed in the temperature range under
investigation. Other contacts, such as pressure contacts and = /72
wires cemented on w1th.conduct1ng pastes, proved to be unsuit- =~
able.

For hlghly resistive speclmens, 1In partlcular for slices
whose net dopling conglsts of deep impurltles, the utilization
of alloy contacts with larger contact surfaces cannot be
gvolded.. For n-type materfal, Au(Sb) contacts (alley temperature
450°C) were used, for p-type material aluminum-silicon eutectic
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contacts (glloy temperature 750°Cl " No changes in the doping of
n~type material could he observed even for very highly resistive
Si slices (p = 11,000 Qcm). As a precaution, the slices were
hriefly etched after the alloying, in order to remove any possible
surface impurltles. On the other hand, the higher alloying
temperature for p-type sillcon proved to be more critical.

After the alloying, at least 20 um had to be etched off par-
ticularly highly resistive slices., in order to remove more

highly doped.surface layers produced durlng the alloying. Experi-
ments with Au(Ga] and Au(B) as contict substances did not yield
satlsfactory results on highly resistive p-type material. The
alloy contacts were applied in the form of round wafers 3 mm in
diameter. Folls 50 um thlck were employed. Aluminum wires were
welded ultrasonically to the alloy contacts, the wires then
serving to hook up the specimens to the measuring instrumentation
via terminals. In order to prevent the "point shape™ condition
from being violated by the larger surface of these contacts,

the specimens were cut to a cloverleaf shape with an ultrasonic
drill in accordance with the proposal of van der Pauw [60].

5.3. Experimental Results

5.3.1. Determination of the Hall Coefficient

The Hall constant Ry is calculated from the experimentally
measurable quantities Hall voltage Uy, specimen thickness 4,
specimen current I, and magnetic flux denslity B by means of
the known relationship

Ry = =% (41)

In the case of electron conduction, the charge carrier density /73
is obtained from Ry by means of
- T

ns= - Rﬁ = (42)

The so-called Hall coefflelent rp for electrons (the
analogous statement holds for r,, the Hall coefficient for
holes) must he known in order tg analyze the Hall measurements.
With lesser demands on precigion, or in analyzing exponentlal
concentration changes, we can set rn or r since the
actual values are In thls order of magnltgde; For more pre-
cise studies, and in particular for our intention of determining
a few deep impurities in addition to the primary doping of
shallow Impuritles, a detailled treatment of the Hall coefficient
cannot he avoided. It is after all the quantity with which
the Hall mobility
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) ? "
py = ByO | (43)
can be converted to the drift or conductivity mobllity

b =O/n’e _\'x_ (44)

Namely _ \
; |
L A 1 (45)

In Fig. 20, the Hall constant Ry measured for an n-type
silicon specimen is plotted as a function of 1000/T. Aside
from a not. precisely known boron level (about 3-1012 em-3),
the :specimen also contains phosphorus as a shallow impurity,
Only the net doping -- about 4.1-1013 em—3 -- can be derived
from the Hall measurements of Fig.w . 20. The Hall constant
grows with increasing temperature by the factor 1.25 before
the specimen becomes intrinsic. Since the range®l000/T = 10
to 1000/T = 2.6 1s located in the exhaustlon plateau of the
shallow Impurities, Ry 1s actually anticipated to be constant
in this segment. From the fact that Ry increases with rising
temperature, it can be inferred that this effeect 1s not caused /T4
by a change in electron concentration. Namely, this would imply
that the concentration of electrons in the conduction band would
drop with increasing temperature, gquite in confliet with the
thermodynamics. The temperature dependence found here for
the Hall constant Ry at constant carrier concentration can be
attributed to the temperature varliation of the Hall coefficient.rn.

Theory [61] provides the following clues to the Hall coef-
ficient: if, wifh great mobilities, a strong magnetiec fleld is
chosen in order to satisfy the condlition (uB)2 >> 1, the situa-
tion 1s simple, namely rn = 1. For silicon, this condition
cannot be achieved with reasgonable experimental effort. In
practice, the formulas for weak fields always hold. In that
case, rp depends in a complicated fashion on the band structure
and the scattering mechanism of the semlconductor. With simpli-
fylng assumptions (spherical energy surfaces, scattering from
acoustic lattice vibrations), theori yields ry = 3n/8 = 1.18.
Long [62, 63] and Long and Myers [64] made more precise cal-
culations and comparisons with experiments for p~-type and n-type
silicon. However, for this ftheoretical calculation of the Hall
coefficlent, we must have more Information than is a priori
known for our specimens. One feasible solution, which was
also employed by Long, consisfts of the Tollowlng steps: {he
temperature variatlon of Ry 1is determined for a sillcon specimen
as clean as possible, e.g. from a zone-pulled startlng crystal
not yet subjected to any high-temperature process.
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Assﬁming that thb’sPecimén contains ne-déep'impurities (n = const.),

Ry as a function of temperature (see Fig. 20) directly represents

the temperatuyre varlation of rp. From this measurement, we
obtaln only the relatilve change. The absolute value of rp is

. found, In accordance with theoretlcal expectations, by the
normallzatlion. rn{(100 X) = 1. TFor a single specimen, one cannot
be sure whether the assumptlon n = const. 1s really satisfied
for 100 < T < 4O0O K-~ the Hall measurement will supply the
first evidence on any existing deep Impurities. Therefore, as
Insurance, a comparison of the temperature behavior of several
specimens is required. The n-type Si specimen which exhibited
the greatest increase in Ry between 100 Kand the start of
Intrinsic conductlen was. then considered to be the cleanest
specimen and used for the determination of rp. Specimens from
20 different n-type starting crystals (net doping 1-1013 to
5.1014 cm'3),wehe‘surveyed. In Fig. 21, the Hall coefficient
rn for n-type silicon calculated from these measurements is
depicted as a function of 1000/T. The broken line is an
extrapolated segment. For temperatures above 200K, r, obeys
—-— approximately —-

r_ = 1.20 (1/300)°"22 (46)

The determination of the Hall coefflcient rp for hole conduc-
tion is analogous to the precedure for r,. Ry(T) was determined
for clean p-~type material with a boron doping in the range 1012-
1014 em=3."7 A typical result is repreduced in Fig. 22. Apart
from the change of sign of Ry charaecteristic of hole conductilon
at the onset of intrinsic conduction, a decrease of Ry with
increasing temperature is found even without the presence of
deep impurities. 1In vliew of the relatlionship Ry = rp/pe, rp
decreases as temperature rises. By comparing many specimens

~- for p-type material, the specimen wlth the lowest relative
change is the cleanest -- we obtaln the correct temperature
behavior of r,. The result of these studles 1s deplected in

Fig. 23. For the extrapolation into the region of mixed
conduction (sign change of Ry), we obtailn

r, (1) = 0.785-7.03-10"4(T-320) (47)

4 comparison of the rp(T) and r,{(T) curves with the results of
Long [62, 63] and Messler and FRQPGS.I65].ﬁhOWS a qualitative
agreement, particularly in the temperature behavior. All
investigations agree that rp rises monotonlcally with increasing
temperature, and r, falls. The reference temperature of 300 K
used in the literature clted appears inappropriate in view of
the possible presence of deep impurities.
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50302, Studles on Phosphprus—Doped Startlng Crystals /76

Qne focus of the studles was the typlcal starting material
for power components. It can be characterized by the fOllOWﬁng
Infermatiton: lll-zone-pulled, n-conducting, doping: 1013-101
phosphorus atoms/em3,. producer: Wacker-Chemitronic, Burghausen.
Figure 24 depilcts a segment from the concentration-temperature
curve of five different n-type starting crystals. These curves
are based on the r,(1000/T} curve shown in Fig. 21. The_speci-
mens contained a net- doping between 2.6.and 3.4.1013 em-3
(corresponding to 150-200:Qcm at room temperature). The exhaus-
tion plateau of shallow impuritlies deftermines the transitions
Into intrinsic conduction, which are different for every crystal
(the figures on the. curves are crystal numbers). Here we
obtain a qualitative characterization of the crystals in the
statement: The sharper the bend, the fewer deep impurities there
are in the. crystal, l.e. the cleaner it is. On the right,
toward lower temperatures, no further changes occur up te 100 K,
corresponding to 1000/T = 10. Differences in the concentra-
tion-temperature curve are not observed until above 300 K. They
can be attribufed to the liberaticn of electrons from deep
levels in the upper half of the forbidden band, and indeed to
both doneors and compensated acceptors. The concentration of
these levels is in these crystals in the range 1012:em—3.

This establishes that:

1. some of the recombination centers present in the
finished component are already contained in the
starting crystal;

2. even when they are produced in quantity at short time
intervals by the same industrial process, the starting
crystals contain deep impurities in varying concen-
trations.

Identifying the deep impurities via thelr activation energies
is difficult, since in the n(1000/T) diagram of starting crystals,
there are generally no definite stages, but -instead gradual transi-
tions. It must be assumed that several types of deep levels /77
exist side by side, and successively donate electrons as the -
temperature 1s ralsed.

To determine quantitatively the deep impurlty concentra-
tion, which has as yet only been described qualitatively, we
must examine more closely the temperature curve of the Hall
constant By at fthe onset of intrinsic conduction. The Hall
constant drops off In this regilon, due to the increase in
electron.and hole concentrations. However, the lonlzation of
deep impurnities is manifested In the decrease of Ry. In the
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vicinlty of the bend of the Ry (1/T) curve, the two effects

superimpose. We must attempt to separate the component of

%legthon&‘due to impurlties. 7¥For the case of mixed conduction
531: : ‘

628 .62z |
- e
T e (48)

Op and o are the contributions of electrons and holes respec-
tively tg conductivity, Rp and Rp are the corresponding contri-
butions to the Hall constant.

Using the Hall ccefificlents,
- 1
L oo
and the ratio of the Hall mobilities -
i
Cy = Han/Pgp | (51)
we obtain | .
i . e . T T
n-e cy + % . _f'n )2 (52)
T
P
The concentration of majJority carriers obeys
" + T T P e
. np - o, . 2 .= o
et LR O R L] I (53)
and of the minority carrilers ) /78
| | ap = oy | 2 /2
P = || (4 + 40/ (nB.- nz)a) -“IJ . (54)

This will greatly complicate the direct conversion of the
measured Hall constants Ryg into the concentration of ionilzed
impuritles nf - nz. We are confronted-with an equation of
fourth 'degree In n. The quantitles r,, ry, Cg, and nj appear
in the coefficients. Because of the numetrical uncertaintles
originating in the lnexactness of the ceoefflelents, and
because of the great effort in computation, this method was
not pursued any further. A quantitative comparison with theory
was carried out in the reverse manner. Assuming that the.
concentration of lenized impurlities measured in the exhaustion
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Plateau remalns constant
nB -'n; wn;-n, = const. , (55)

n and p. are Pirst calculated from (53) and (54), and finally
Ry by means of (52], using experimental values for rp, , and
Cg. IN. Fig. 25, using the example of ann-type starting gllce,
the “experimental and calculated curves for Ry as a function of
1000/T ts deplcted in the reglon of the bend. The values in
Fig. 21 and Fig. 23 were used for rn and rp, the relationship

C,(T) = 4.37-(T/300)0+73 (56)

derived from C51),.(59), and (61) for the mobility ratio, and
the 11lterature value [66]

n, = 2.01-102%(1/300)" " 7 - exp (L2 (57)

for the intrinsic conduction density.

The differences in the plateau are very small (they would
hardly be expected to be otherwlse because of the experimental
value of r, for a clean starting slice). In the bend, the
measured Ry-curve diverges downward due to the contribution of /79
eléctrons from deep Impurities. In the region of intrinsic
conduction, the measured and calculated curves are parallel.

For quantitative determination of the discrepancies from
the theoretical curve, the ratio

= Ry(theoretical) / Ry(measured) | (58)

at U00K corresponding to 1000/T = 2.5 was empirically selected.
The comparison temperature of 400 Kis certainly reasonable only
in the doping range below 1014 em-3. Practlcally, we assume

that all deep impurities have,already surrendered theilr electrons
at this temperature.

Crystals with v = 1 can thus be conslidered free of deep
impurities in the upper half of the band, within the limits
of measuring accuracy. . Values of v greater than unity indicate
impurities, while values of v less than unity should not occur.

Figure 26 depicts a histogram of v-measurements on 52
different n-type starting crystals Clll—zone—pulled diameter
larger than 25 mm) with net doping between 2.7.1013 ang 1.10l1%

They: were crystals from Industrlal production in quantlty
(hence no test crystals) for dlodes and thyristors with high
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reyerse voltage ratings. In the distribution of v-values,

the steep rlse at v = 1 1s noteworthy as a fulfillment of
theoretilcal expectationa. For the majority of spe01mensi

I <y <« 1.15. For a crgatal with a doping of about 5-.10
phospherus atoms per cm3, it 1is accordingly typical that. it
contatns 1812 deep. 1mpur1tles per cm3.. This suggests the
conclusion that these concentrations of deep impurities, which
fluctuate from one crystal to the next, interfere with the
control of carrier lifetime in the component productilon process.
Nevertheless, the measurements. furnlshed evidence that the
initial level of deep impurities has fallen sharply in recent
years, crystals wilth v-values:greater than 1.15 being

virtually nonexistent for more than 2 years. The cases glven /80
In the histogram (Fig. 26) belong to crystals pulled in the
years 1965 to 1967 and provided by the manufacturer Wacker-
Chemitronic for these studies. The reduction in the impufity
level in the starting crystals is a result of technological
improvements. Naturally, the question also arises of just how
crucial the impurlity level in {he starting crystals actually is.
This can only be discussed in connection with measurements on
Processed slices. For very large v-values, short carrier life-
times will be anticipated after the component production process.
According to these studies, there is no.relationship between

the v-values and the lifetimes measured on the crystals by the
cryst?l manufacturer using the PCD techniique (photoconductivity
decay).

In addition to the {emperature dependence of the Hall
constant, the Hall mobility pp, -- cf. (43) -- was determined
for the starting crystals. In this case, it was found that the
values for all crystals were closely bunched. At 300K, a
mobility of upn = 1520 + 20 cm?V-lsec~l was obtained. At
temperatures above 1801% & decline was found, obeying the
power law :

. 2.11
by (T) = 1520 (300/m) (59)

Aside from small differences in the vicinity of 100K, which can
be ascribed to different contributlons of impurity scattering,
no speclal features with respect to ugn were observed. There-
fore, a uniform qualdity has been achieved in zone-pulled n-type
crystals with respect to mobility.

" 5.3.34 Studles Qn Cruclble—PullEd'Starting‘Crystals

Because of the high quality demands on. material for power
components, the studies have focused on zone-pulled crystals.
In addltion, measurements were taken on some c¢rucible crystals
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supplied by Wacker-Chemitronle. The following results were /
obtalned: '

Thﬁ'cruc;ble material Mas pulled" -- iie. without any
special thermal follew-up treatment —- exhibits fhe excltation
of two levels In the concentratlon-temperature curve (see
Fig. 277, @u ve a% The plateaus in this example are at
n =.1.58.1014 cm= (exhaustion plateau of phosphorus), n =
= 1.84.101% em-3 (exhaustion plateau of a donor with Egp =
= 0.12 % 0.03.eVJ, and n = 2.16-1014 em=3 (exhaustion plateau
of an even deeper donor, Egp cannot be determined more precisely).
A rise can sti1ll be observed in this last plateau. Hence, there
are still more iImpuritles present. The almost ldentical differ-
ences beftween the concentrations of the plateaus suggests to us
a double donor, probably invelving the SiOy complex [48].
Determining the activation energies for small stages in the
n(1000/T) diagram is connected with great uncertainties. The
value Egp = 0.12 eV was found by the technlque given by Aliyeva
and Tagirov [67]. (ef. Fig. 30).

Tt is known that the Si0} complex reacts sensitively to
temperature treatments. If the crucible crystal 1s subjected
to a shock heat treatment, in which the temperature regilon
between 500 and 300°C is traversed rapidly after repeated
heating of the crystal, the levels largely disappear (see
Fig. 27, Curve b). The electrically active fraction of oxygen
has diminished. In the temperature region covered, there is
no difference between the mobilities of crucible material and
zone-pulled starting material, regardless of whether or not
the latter exhibits dislocations.

5.3.4. Studies ¢n Boron-Doped Starting Crystals

4 series of p-conducting, boron-doped crystals were studied
with the objective of c¢btaining experimental figures on the hole
mobillty wpp and the Hall coefficient for holes as functions of
temperature. Both quantities are required for the quantitative
interpretation of the measurements on n-type material (cf. (u. /82
Ch. 5.3.2). Investigaticn of the purity of the highly resistive

p-type crystals later used as probes was likewlse necessary
(see Ch. 5.3.6).

An example for the Hall measurement on a relatively clean
specimen has glready been cited in Fig. 22. However, the Hall
effect 1s less sultable for detecting deep lmpurlties in
boron-doped p-type materlal, since the sign change of Ry also
takes place In the temperature reglon 1n which the deep
impurities are lonized. . The conbribution of holes to the Hall
effect 1s surpassed by the electron component. ' Therefore,
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analysis. 1s possible only when the formulas for mixed conduction
are employed. = In this case, taking the temperature variation of
resistivity into account proves to be advantageous (see Fig. 28).
In thls. dlagram, resistlvity ls depicted as a functlon of tem-
perature for three typical specimens.  The broken curves were
calculated theeretlcally with'theffollawing relationship:

1
| 9('-1!) = :
f e pCp —ézn—n [ (1-0-4:11 /(nA- 1)) ) (1+0)+1—C]

(60)

The depletion concentration of shallaw impurities determined
from Hall measurements was substituted for the net doplng

ng - np. We resorted to figures of Ludwig and Watters [68]
for the conductivity mobility ugp and the mobility ratio

¢ = uen/ugp-

Overall, there is good agreement between measured and
computed values. Curves a and b show clearly the depression
of the resistivity maximum from the theoretical curve below
1000/T = 3, i.e. shortly before the conset of intrinsic conduc-
tion. These discrepancies din the p curve are caused by the
excitation of deep impurities. No drop can be observed in
Curve c.

The measurements show that there are deep Impurities in
detectable concentrations in p-type starting crystals as well.
The attempt to correlate the lifetime values measured by the /83
crystal producer (Wacker-Chemitronic) using the photodecay
method with the concentrations of deep impuritles led to the
result, as with n~type starting material, that no relatlionship
was discovered.

Determining the Hall mobility of holes UHp yielded the
power law

1

2.84 |
byp(T) = 362 (300/1) | (61)

This result agrees well wlth llterature values [61, 64], at
least as far as the exponent. Rather large variations were
observed from one crystal to the next In the absoclute values
of LH (3040). u tended to be larger {or crystals wi h lower
dopln s €.8- % = 315 cm@y—lsec for = 2.101% em—3,
bE (300). = 356 Bry~Lsec=L tor 8 ° 335° 1013 en-3, and i (300) =
30 cm V‘lsec- for p ~_2 1012 cm- These numhers caﬁ
only reproduce a single observed tendency, and 1llustrate that
uniferm mobillty values valid for all specimens can really not
be assumed iIn an analysis of the p(T) curves. The differences
between experiment and theory for Curve c of Fig. 28 likewise
show this clearly. In the entire temperature.range, the
measurements show lower mobllities than assumed in the cal-
culation.
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' 5.3.5.  Measurements on Si_Sllces after Different Processing Steps

In the manufacture of a component, 1t is unavolidable that .
further deep impurlties wlll be introduced into. the starting
material. "Rapldly diffusing:impurlities can penetrate throughout
the entire volume of the crystal slice and in particular, can
also change the carrier lifetime In the middle zone (base}. We
have studled silces of the same crystal both in the initial state
and after high-temperature treatments such as Ga diffusion,
oxidation, phosphorus diffusion, and gettering. A homogeneously
doped specimen 1s always required for Hall effect measurements. =~ /84
However, the base of the power component ls generally thick
enough (200-400 um), to be prepared by. lapping and etching and
to be worked inte a Hall specimen. The heavily doped zones are
excluded from these studies. This is no problem, since the
carrier lifetime in the base is the focus of interest.

Slices were studied both after individual steps and after
passage through entire sequences of high-temperature steps.
However, it is not technologically possible to measure a specimen
and then subject 1t to a further step in the process, in order
to measure 1t again. Thus the measurements always Involve
different slices, whlch do indeed belong to the same crystal,
but which can exhibit differences in the doping of shallow and
deep impurilties, corresponding toc the inhomogeneities of the '
crystal in the pulling direction.

The following results were obtained:

1. Ga diffusion (Si slices about 70 hours in Ga vapor in
an argon atmosphere at about 1200°C) is always accompanied by
penetration of relatively rapidly diffusing deep impurities. If
the starting slices are generally found to have a v of at most
1.15, the slices after Ga diffusion have v-values in the base
between 1.3 and 3 (see Fig. 29).

2. In the log n vs. (1000/T) diagram, there are steps on
the upper plateau of which 1% superimposed the onset of intrinsic
conduction (see Fig. 30). As the analysis shows, the levels
which have penetrated are In ourccase donors of a single type.

3. The deep donors are homogenecusly distributed in the
bagse zones, but occur in different concentrations from one
sllce to the next. They act as recomblnatlion centers and affect
the carrler lifetime.

Figure 30 dépict& the results of Hall measurements on

various slices of a crysatal before and after Ga diffusion.
The starting materisl (see Curve al with v"= 1.15 shows an
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only slightly rounded-off transition from the depletion plateau /85
to Intrinsic conduction. The other three curves (b, ¢, d) were
measured for base regions after Ga diffuslon and show the con-
centratlon rises due Lo the icnizatlon of the donors. The

proef that It s actually donors which are involved at this -

level —— there. could also be acceptors in the upper half of the

band -~ is given in Ch. 5.3.6. The concentration changes in

Fig. 30 become large enough so that 1%t 1s possible to calculate

the activation energy of the deep donor wlth some precision,

In the specimens, there are two deonors with activation energiles

Ecpr and Egpp In concentratlons np; and npp. The first donor 1s

the phosphorus of the initial dopliig. Eopo > E¢p1ls since the
phosphorus donors are already completely lonized at the lowest
temperatures of our measurement. Therefore n = np for the

lower plateau. On the upper plateau, which is not so clearly

defined experimentally because of the onset of intrinsic con-
duction, the second donor is exhausted at n = np The
concentration within the stage obeys the relationship fé?]

n{n - nn1)‘
[T

= 0.5 Ng ° exp ( —gp ~op2 (62)

derived from the neutrality condition and the mass action law
(Ng = state density in the conduction band, Ng ~ T3/2).

If log(T™ 3/2. (n2-n. ‘npy)/(npj-npp-n) is plotted against
1000/T, the result is a straight line from the slope of which
Eppz can be calculated. This analysis 1s depicted in Fig. 31
usling the example of Curve_ d from Fig 30. With tEﬁ platea
values np] = 3.90-1013 em=3 and np = 1.1+10 m—3, the
activation energy is calculated to be 0 59 With the same
analysis, Curves b and ¢ yleld Epqpo = 0.27 eV The question
af theusubstance invelved with this level will be discussed in
Ch. 5.4.

The deep donor could he observed again and again in the
course of the processing period of 3 years. It appeared
regularly 1n galiium diffusion and was independent of the
starting crystal employed. The concentration in the base
regions was generally between 1.1013 cm™3 and 7-10L13 cm-3.

Tt varled from one slice to the next [rest of sentence cut off].

To attack the problem of whether this donor acts as a
recomblnation center, lifetime and Hall effect must be succes-
sively measured for the same S1 slice. The course taken at
the beglnning of the experiments, namely, to measure the Hall
effect for some sllices of a crystal and to prepare diodes for ..
the 1lfetlime. measurement from other slices of the same crystal “'
with the same treatment, no longer made sense because of the
differences from oné slice to the next.

.
o
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First, the decay time (see Ch. 6) was measured for the p-n-p
structure present after Ga diffusion, and then the Hall effect
was measured for the hase reglon of the same slice. The results
deplcted in Fig. 30 show that the curves corresponding to the
values of tg measured In the sllces are above one another. The
cleanest slice (B) has the longest lifetime and the slice with
the most deep centers (d) the shortest one. In Flg. 32 are
collected results of decay time and Hall effect measurements on
a series of four crystals (each represented by three sllces),
subjected to Ga diffusion together in a single ampule. We found
that the reciprocal of the. decay time tal rises markedly with
increasing deep donor concentratlon (described here by v = Ryeale,
(400K) /Rmeas. (400K)). There are rather large fluctuations,
which can be explained by the presence of still other centers
affecting lifetime, e.g. in the lower half of the band, which
were not detected by our Hall measurements.

Gallium diffusion is the longest high-temperature process
in the production of diodes and thyristors. It is the prinecipal
determining factor for the level of deep impurities in the com-
ponent. According to our investigations, other steps such as
oxidation in moist oxygen and the subsequent phosphorus diffusion
do not cause any substantial changes in the impurity level.
Hardly any, and in particular, no completely new deep lmpurities
enter the silicon crystal. The Hall effect measurements on base
reglons of slices subjected to Ga diffusion and oxidation or Ga /87
diffusion, oxidation, and phosphorus diffusion exhibited no
measurable differences in comparison to slices into which only
gallium was diffused. The v-values remained between 1.2 and 1.6,
and the analyses of stages pointed to the deep donor ailready
encountered. The fact that the fate of a specific slice cannot
be followed through all the steps of the process and the flue-
tuations in deep-level concentrations from one slice to the next
do not permit any more preclse statements.

Not until gettering (see Ch. 4.3.1) do marked changes occur
in the impurity level of the slices. The three concentration-
temperature curves in Fig. 33 belong to the slices of one crystal.
It shows the evolution of deep-impurity concentration from.the
initial slice through Ga diffusion and a concluding gettering.

In this case, it can be c¢hserved that nowhere near all of the deep
impurities incorporated are later removed. This 1Is conslstent
with the findlng that the initial lifetime can generally not be
recovered by gettering. Measurements of the Hall effect can
provide a check on the effectiveness of a gettering technique.

The changes in y-values 1n the process of produclng a

completely diffused thyristor, as followed here with the . :
ald of the Hall effect (see Fig. 33], agrees qualltatively quifte
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well with the development of lifetime wvalues, An attempt was

made to discoyer some quantitative relationship. The lifetime

and v-yalue had to he measured on the same slice, ~The lifetime
measurement had to be made by means of a uniform procedure,
applicable te all processing stages, in particular (o starting
slices’. In. the preparation of the speclmens, 1In addition to the
Hall specimen, some other slices 7 mm in diameter were drilled

out ultrasonically from the starting slices or from the middle
reglons. From these slices, which had no p-n junctions, alloy
diodes were then produced, for which the 1ifetime could be
determined in accordance with Kingston [8]. The preparation of = /88
the p-n junction by means of an alloy process offers the
advantage that no long high-temperature. treatment (e.g. Ga
diffusion}, with all the dangers of altering-the specimen, 1s
required. The result: of this investlgation 1ls depicted in the
diagram in Fig. 34. The reciprocal of lifetime is plotted against
v, which gives us the impurity level. The starting crystals are
in the shaded region near the origin. The values after Ga
diffusion (triangles) are scattered over a wide region.

A tendency toward smaller v and longer lifetimes can be
recognized for the gettered slices (eircles). The fluctuations
highlight the difficulties involved with quantitative studies
on lifetime control. Nevertheless, the finding that specimens
with high stages in the concentration-temperature diagram have
short lifetimes can be considered confirmed.

5.3.6. Highly Resistive S1 Slices as Probes for Penetrating Deep
Impurities

There will not be favorable conditions for identifying by
means of actlivation energies the impuritles penetrating in high-
temperature processes untll the number of deep impurities is
substantially larger than that of shallow ones. In a“process
control, 1t is not possible to generate at will unknown impurifies
in higher concentrations. However, there is another possibility.
Highly resistive sillcon slices with very slight shallow doping
can be subjected to the process together with normal n-type Si
slices. If unknown Impurities enter, they can be very sensi-
tively detected in the specimen slices. Probe slices from p-type
and n-type silicon with net dopings of 21012 e¢m—3 and less
(resistivity at room temperature 6000-11,000 fecm) change their
type ef conductlon upon penetration by even very sllght concen-
trations. When p-type and n-type materlals are used simultaneously,
the result wlll show whethepr donors or acceptors are involved.
For deep Impuritles wlth several levels, all activation energies ~ /89
can be determined 1in a single experiment in favorable cases. T
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This method is a way of investigating the rapidly diffusing
Impurities. penetrating fraom the outside, and determining their
concentratlon. It does not detect deep centers brought in with
the starting crystals. Hawever, as long as the number of penetrat-
ing deep impurities exceeds to so great an extent the number
present in the starting crystal (see Fig. 34), this method will
be valuable. At the beginning of the research, radiochemlcal
studies were also conducted, e.g. tao identify the observed deep
donor. However, although activation analysls is very senslitive
for some elements, e.g. for Cu and Au, it falls for others, e.g.
sulfur. The radiochemical. studies proved useful in the sense
that certain elements, namely the.easily detectable ones, could
be ex#luded when they did not cccur. Nevertheless, i1t happened
repeatedly that the Hall effect indicated deep impurities in
appreciable concentrations, e.g. 5-10L3 em~3, while activation
analysis did not give any sign of impuritiles.

The probe crystals were studied before utlilization by means
of the Hall effect and activation analysis. Except for boron,
phosphorus, and some gold (close to the detection limit of 2-1010

=3), no impurities could be detected.

Probenslices (25 mm diameter, 540 um thickness) of p-type
silicon with a doping of about 2-10l2 boron atoms per cm3 were
subJected together wlth ordinary n-type starting slices to Ga
diffusion. The probe slices naturally acquire heavily doped
exterior p-type zones 50-100 um thick, in accordance with the
diffusion conditions. The following investigation of the middle
rone showed that penetrating donors had reversed the type of
conduction from p to n. The boron doping had been -neutralized.
Figure 35 depicts the concentration-temperature curve of such a
slice. The net doping consists of deep donors with an actlvation
energy of Eqop = 0.28 eV. In the log n vs. 1000/T ,curve, we can
see the three regions reserve with poisoning, normal reserve,
and exhaustion plateau of the deep donor. The bend from the full
slope to the halved value takes place at the level of the con-
centration of the neutralized boron. The number of acceptors in
the specimen has not changed detectably. This result matches
exactly the results found with n-type sllces (see Ch. 5.3.5).
Utilizing very hlghly resistive starting material brings out
more clearly the influence..0f the deep donor.

~

In a total of ten diffuslon tests, some with larger time
Intervals and with different probe crystals, simllar results
were always ¢btalned. QOnly the concentration of the deep donor
~changed. The actlvatlon energy was repeatedly found to be
0.28 £ 0.QL eV. -From the ahsolute determination of the mass
action constants, the degeneracy of the donor level was calculated
to he g = 12.
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In further experiments, the source of the donor was sought .
and its behavioer in yarioQus proces steps was observed. In a
control. test, highly reslstlive p-type and n-iype slices were
subjected to a high-temperafure treatment together with ordinary
n-type starting material wilthout Ga source under otherwise
identical conditions (eleaning, filling, and sealing of the
quartz ampules,, temperature program, and diffusion time). Accord-
ing to thls test, the slices contained exterior. Ga-doped p-type
regions (detected by the Hall effect), bhut in much smaller con-
centrations than with a Ga source. In the Interltor, the donor
was again found in concentrations. of 7.1012 em—3. This result
shows that the quartz too 1s permeable to gallium.at the hlgh
diffusion temperature of over 1200°C.. A furnace used contlnually
for Ga diffusion hasa Ga level. It seems reasonable to seek the
source of the deep donor outside The slice preparation and the
Ga source. If the probe slices were provided with an oxide layer
before Ga diffusion, the penetration of the donor was prevented.
By itself, the oxidation, like the getteriling, caused no changes
in the interior of the probe slices.

~
=

Figure 36 depicts the result of a series.ofitests in which
all the steps for the production of a fully diffused thyristor
were carried out on probe slices. .Ga was first diffused into
the slices. The result is, as shown by Curve a in Fig. 36, a
donor concentration of about 1-1013 em—3. After the subsequent
oxidation of all slices, the oxide was completely removed from
some (this corresponds to the windows in the oxide mask), while
the oxide layer was left completely untouched in others. After
the phosphorus diffusion, the concentration of the deep donor
had risen further in the first group (see Curve b). However,
no new type of Impurity had penetrated. In the second group
(see Curve c), on the other hand, the concentration had dropped
sharply, 1n fact by a factor of 10. The combination of phosphorus
and ﬁxide layer +thus shows an action simllar to gettering (see
Ch. 4.3.1).

5.4. Origin and Type of Prevailling Recombination Center after
- Vapor-Phase Gallium Diffusion

The.results of these experiments show that the overwhelming
majority of the recombination .centers present in the finished
power component were latroduced into the silicon during gallium
diffusion. The concentration of deep impurities acquired in
this hlgh~temperature treatment, which is the longest of the
- entire production process, can be only partially reduced in
succeedlng procegs steps. The centers  penetrate into the
slice from the outside. It 1s not, as one might surmlse, thermal
activation of latent substances or complexes In the eriglnal
cpystal. Thils 18 demonstrated by the masking effect of applied
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oxide layers and the comparatively small influence of short
high~temperature treatments. |

In the past, the source of the impurities was primarily
sought 1In the preparation of the slices and of the ampules. It
was suggested that the centers might (a) be present on the
silicon surfaces even before diffusion, or (b) be introduced
into the ampule atmosphere via the argon, or (c) originate in
the quartz of the ampules. It 1s true that these sources of
impurities could be significant and certalnly were in the past.
However, even before the experiments discussed here, experience
had shown that further Improvements did not lead to any vlsible
result.

Our results are evidence for the hypothesis that the
slgnificant source of impurities at the current state of tech-
nology lies outside the quartz ampule, perhaps in the ceramic
protective tube or in the heating element of the furnace. The
permeability of the quartz at high diffusion temperatures could
play an important role.

The question of the chemical nature of the deep donor with
Egp = 0.28 eV, which surpasses in concentration all other deep
impurittes present, in particular those in the starting crystals,
cannot be given a definitive answer. If it is assumed that the
donor is not a complex, its position in the periodic table
(see Table 9) can be localized. Besides the elements of the
third and fifth groups, the alkali metals can be eliminated,
because their levels are too shallow. The elements of group 1b
(Cu, Ag, Au) can be ruled out on the basis of the negative
results of the activation analysis. The strongest suspicion
falls on the sixth group, particularly on sufur. This element
satisfies three criteria: deep donor with ECD = 0.28 eV, large
diffusion coefficient (D(1250°C) = 4.8-10-% cm2sec—-1 [69]), and
not detectable by activation analysis. Besides the sixth group
(S8, Se, Te), suspicion falls on the second group (Mg, Ca, Sr),
all elements for which little is known about diffusion properties
and energy . levels in silicon.

6. Determination of Lifetime in ptnpt and ntp¥npt Slices by /93
" Decay Time Methad o

6.1. TIntroductlon

In the preparation of thyristors and sometimes diodes as well,
n-conducting silicon slices are converted into ptnpt or ntptnpt
sllices by means of diffusion processes. The 1ifetime «~ of the
charge carrlers -- in these dlffused slices =~ particularly in
the n-region -- plays a large role in determining the electrical
properties of the componeént (e.g. recovery time and forward voltage).
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If the 1ifetlme after the diffusien proceéesses is not 1in the
desired range, it is ralsed or lowered by certain steps (getter-
ing processes,. gold diffuslon) depending on the requirements.
This leaves the. conductivity deplng essentlally the =same as

it was after the diffusion processes.

The at least random-sample measurement of lifetime In
ptopt or ntptnpt slices -- before and after the steps of the
procedure for exerting additional influence an lifetime --. 1s
an important ingredient of productlon control. TFor example,
the retention time method of Kingston [8] or the post-injection
voltage method of Lederhandler and Glaceoletto [7] can be employed
for the lifetime measurement. . Beth methods reguire ptn structures,
and are therefore not nondestructive when applied to p*npt or
ntptnpt slices. The "“sandwich phetoconductlivity" method of
Bassett and Hogarth [70] makes 1t possible to take lifetime
measurements on ptnpt structures. This method 1is not non-
destructive either, because a pt zone must be partially removed
in preparation for the measurement.

In this section (6), we describe a method for lifetime meas-
urement on ptnpt slices, which we call the decay time method.
This method is virtually nondestructive —— it 1s only necessary
to etch the boundary of the slice. Moreover, thils method is also
applicable to ntptnpt slices, whenever the nt zone is imbedded
in « a pt zone.

“~
=

6.2. Description of the Decay Time Method

6.2.1. Measuring Principle

The ptnpt slice, protected against light and held at a high
temperature, is supplied with contacts 1n the form of pressed-on
metal electrodes, and hocked up in series with a current measuring
reslstance Ry (Fig. 37). To this series circult 1s applied a
voltage u(t), which is initially constant (u = () and then drops
off exponentially with.a.time constant tz. The current i(t)
flowing through the slice is observed. Under certain conditions,
i(t) passes through a minimum. The time interval between this
minimum %nd the beginning of the voltage drop we call the "decay
time tg.

With a given slice and fixed values of I and t,, whether the
current,iCtlrpassea'thrqughfa minimum and the value of tg (see
Fig. 38] depend on the temperature 6. At low temperature (& =
= 25°C), there exists a minimum and therefore also a decay time.
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However, the yglue of ty is very small and depends. in essence on
the capacitances of the p-n junctlons and on the measuring resis-
tance Ry. With Increasing §, both tg and the steady-state reverse
current 1, rlse: cf. the 1(£) curve for 8 = 140°C with tgq = 200
usec. At and above a Yeritical temperature" @, which in the
present .case 1s T48°C, 2(t) no longer passes through a minimum.
That 1s, there 1is no tg for § » 64

'6}2;3}"Priorﬂﬁesu1t350h=thé‘COhnectibnSBetWEEh‘Decay Time and
" Lifetime ‘

Experimental and theorétical stﬁdies‘en the relationship
between decay time and lifetime have already been reported [T1].
We will briefly describe these results below.

6.2.311. Experimental Results - /95

A roughly linear relationship was found between decay time
and lifetime for constants Q, tz, and 6 for slices of a specific
type. By "slices of a specific type™ we mean slices in which the
exterior dimenslons as well as the geometry and conductivity
doping of the p*tnp* or ntptnpt structure are virtually identical,
but which can exhibit widely different lifetimes, and which can
come from different crystals. The slices studied were gallium-
diffused p¥npt slices, some of which were gettered after the
gallium diffusion to increase the lifetime. The measuring
temperature 8 was chosen as high as possible, because there is a
clear relationship between tg and the lifetime only at sufficlently
high 8. On the other hand, 8 > © must be satisfied. TFor gallium-
diffused, and gallium-diffused and gettered p*npt slices of a
specific type, the critical temperature @ lies within a spread of
about 10° (at constant @ and t,). The measuring temperature 6
was set about 10° under the lower 1limit of the © range. After
the tg measurement, diodes were prepared from the ptnpt slices
(see Section 6.4), and the lifetime was measured by the retention
time method [8]. Figure 43 shows results of recent studies of
this type.

6.2.3.2. Theoretical Studies

The relatlonship between decay time and lifetime could, in
principle, be Interpreted theoretically. Nevertheless, the
quantitatlve agreement hetween the theoretilcal and the experi-
mental results was not and is stdlll not satisfactory.
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In Fig. 39, the conduction mechanism in a ptnpt structure
is sketched, as far as required for comprehension of the follow-
ing description. With the exceptlon of lifetime (recombination
and generation rates), we presume all parameters to be held
constant .(In particular, temperature, resistivity of the n-
type reglon, 0, and tj).

In the steady state (Flg. 3%9al, one p-n Junction (Jy1) is /96
polarized in the forward direction. and the other (Jo) in” the
reverse direction. Electrons produced. in the space charge
region of J7 by thermal generation enter the n-type neutral
region from the right. These electrons recombine completely in
the n-type neutral region, as long as the emitter efficiency of
J1 is unity, which we assume for simplification. . Holes flow
acreoss J3 from the left iInto the n-type neutral region, where
some of them recombine, while the remainder reach the space
charge region of Jp. Taken as a whole, the n-type neutral region
is an excess region, i.e. the charge carrier excess gz is positive
in the n-type neutral region. We define z by

z = jhndx = Idpdx ] (63)

where the integral is to be taken from x = 0 to x = ro or r{t).
An and Ap are the electron and hole excess concentrations regpec—
tively, i.e. the difference between the electron and hole con-
centrations (n, p) and the thermal equilibrium values (ngs Pg)-

For the steady state, we obtain

z = TGW, (64)
T = 1lifetime in the n-type neutral region;
G = thermal generation rate in the space charge region of Jos
Wo= width of the space charge region of Js in the steady state.

We assume that
G 1/t (65)

This equation is based on the assumption that the recombi-
nation-generation processes in the n-type neutral region and
the generatlon processes In the space charge region of Jo take
place at recomblnation centers of the same type, andithat the
concentration of recombinatlon centers 1s homogeneous in the C /97
ptnpt. structure. Equations (64) and (65) imply that the charge
carrier excess z In the steady state 1s independent of the
lifetime t.
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During the voltage drop (Fig. 39b), the current 1(t) never

goes through zerq if the temperature is large enough (see Fig.

371. Therefore J1 remains polarized in the forward. directlon and
T in the reyerse direction. The Jp space charge reglon shrinks
and the n-type neutral region accordingly expands to the right.
The width w(t) of the J» space chsarge regloen. depends only on the
voltage u(t). In the expansion of the n-type neutral reglon to
the right, electrons along lts right horder (x = r(t)) are "heaped
up" in a thin bounddry layer. . This neutrallzes the space charge
of donors, which shortly before still belonged to the J, space
charge region. The number. of electrons heaped up per units of
time and area will be called the "neutralizatfion rate™ Q(t).

Q(t) is given approximately byl

Q(t) =,—ndefdt (>0) (66)

nn = donor concentration in the n-type region;
W?t) = width of space charge region of Jp.

The electrons required for neutralization are supplied by
virtue of the electron flux on the right side of the boundary
layer between theé n-type neutral region and the space charge
region (x = r{(t) + 0) belng greater than on the left side of
this boundary layer (x = r(t) - 0).

Sapplt) = S._o(t) = Q) (67)

Srio = eglectron flux2 (particle current densitylat the point

x = r(t) + 0 and r(t) - 0, respectively. The electron flux
is positive when the electrons flow toward the left.

S
oo

Q(t) is independent of 1 but S,ig(t) and S,_g(t) are not.
If 1 is small, the influx of electrons from the space charge
region is sufficlient to supply the ionization rate because of
the high generation rate G ~ I/t, i.e. Spiq(t) > Q(8). It is
true that Sr+0(t) decreases during the voltage drop, because
w(t) becomes smaller, but the same also holds for Q(t), because
dw/dt becomes smaller. If Tt is large enough, the generation
of charge carriers in the space charge region hecomes so weak

lQ and the capacitive current density J¢ congidered in [71] are
related by the equatlion Jg = qQ (g = elementary electrical charge).

°The electron flux § and th&'éledtronlcurrént density jn con-
sidered in [71] are related by the equation j, = gS,
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That 1is, on the pright side of the n-type neutral region, the
electrons Tlow toward the right te the point r(t), because the
n-type neutral reglon must, so to speak, make a contribution to
the neutrallzatlon rate Q(tJ. This case 1s sketched in Fig. 39b.

The charge carrler excess defined by Eq. (63) is a function
of tIme during the voltage drop. dz/dt depends on both z/T
(recombination excess rate in the n-type neutral reglon) and
Sp_g+ If T is small, z(t)} remains pesitive and falls monotonically
to zero. If T is sufflciently large, Sp_g(t}) is negative, as '
explained above. This means that the n-type neutral region itself
must deliver some of the electrons required for its expansion '
toward the right. Since no electrons can flow in across the p-n
Junetion J1, the mean electron concentratlon in the n-type neutral
region falls below its equilibrium value n,. For neutrality .
reasons, the same holds for the mean hole concentration in the
n-type neutral region, which falls below its equilibrium value
Po. Therefore, z(t) becomes negative. Then the generation of
charge carriers, which causes z(t) to rise again, predominates
in i#the n-type neutral region when the expansion on the n-type’
neutral region slows down in the further course of the voltage
drop. The larger T 1s, the lower the minimum of z(t)}, and the
later it comes. However, z(t) cannot fall arbitrarily far.
A lower 1limit for z(t) can be derived from the fact that in the
n-type neutral region n >2np, p >0, l.e. Ap > -pp must always
be satisfied. This leads to the condition

z(t) > -p r(t) (68)
r{(t) = width of the n~type neutral region.

If z(t) were to reach the value given by (68), the neutrality /99
condition in the n-type neutral reglon could only be satisfied by
the space charge region of the p-n junction J1 expanding, i.e.
by J, changing over to the reverse direction. This would in-
valiéate an essential prerequisite for the conduction mechanism
described -- Jj; remains polarized in the forward direction.

However, 1f the temperature is sufficiently high, this complica-
tion does not occur. One important reason is that Po rises
sharply with temperature. If the temperature is high enough, the
lower limlt -por(t) will then be so low that the conditions (68)
remalns satisfied.

Whether the cuprent 1(t) passes through a minimum, i.e.
whether a tg value exlsts, depends ln essence on whether the
charge carrler excess z(4) passes through a minimum. For small
T, no tg value exists, because z(t) does not pass through a minimum.
If t 1s greater than a speclfic value t*, there exists the func-
tion tgq = f(xl, which Tirst rises slowly and then more rapidly
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as t increases. An lmportant paramétér'of this function is the
proportionality coefficient in the relationship G ~ 1/t. Because
of this relationship, G can be written in the followlng form

G=Dnzn1 (69)
T
Dgr = dlmensionless factor;
ny = Intrinsic conductlon concentration.

For a Shockley-Read recombination center, there is a simple
formula for G and alsc for T3 for t, however, only when the
concentration of recombination centers and the excess concentra-
tions An, Ap are very small in comparison with np. [72] gilves

I S R % ) (70)

2

cnc ng
G 5;312:5;37 (71)

Chs Cp = recomblnation rates for electrons and holes, respec-

tively, proportional te the concentration of recombina-

tion centers;

ny, p; = fictitious carrler concentration, depending on the
energy level of the recombination center.

The two preceding equations and Eg. {(69) imply

n c
Doy = =k o 2n29* %P0 (72)
R,tPg Cnn1+0pp1

' Dpy obviously depends on the type of recombination center, char-
acterized by Cn/Cp, ny and pj. Therefore, the function tg = f(t)
and its exlstence reglon, i.e. in particular t¥%, will depend on
the type of recombination center. However, detaliled computations
were carrled cut only for the case Cp = Cp, n1 = p1 = ny.

- In the studles which were made, it was declded to make the
lifetime t independent of An--and. Ap.--This-appreach-represgents. -
a great simplification. Strictly speaking, under the conditions
of the decay time measurement, neither An, Ap, nor the concentra-
tlon of recombination centers can be neglected. This is one
reason that complete quantitative agreement between theory and
experiment cannot be anticipated.
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"6.3{"EXécutiOﬁ of the Decay Time Measurements

§.3.1. Etching of Edges -

In the unetched state, the edge of the ptnpt slice -- depend-
ing on the history of the slice -~ constitutes a short circuit or
at least a low-resistance shunt of the p-n junctions. This short
circuit or shunt 1s eliminated by the edge etching. Before the
edge etching, the slices are cleaned in hydrcfluoric aclid and
hot agua regla. TFor the edge etching, a speclal teflon apparatus
was employed, which exposes only the ring-shaped edge of the
slice to the etching attack, while the remainder of the slice iIs /101
covered and thus protected. CP63 was employed as the etchant.

The etching lasts for several minutes and depends on the tempera-
ture of the etchant and the doplng in the vicinity of the border
zone. The width of the étched-off edge is asbout 0.5 mm. The
sitccess of the edge etcehing 1s asseszed by means of the current-
voltage characteristic curve. Experience has shown that the
assessment 1s slmple, because there are practically no intermnediate
states between good properties and poor ones. If the edge etching
is not successful, it can generally be repeated only once. With
further repetitions, the edge of the slice becomes strongly
corroded and the blocking properties become poorer instead of
better.

6.3.2. Electrical Measurement (see Fig. 37)

In the measurement of tg, the electrodes are a heatable base
plate and a top plate pressed onto the ptnpt slice by an elastic
current lead. (The measuring area contains 20 measuring points.)
The voltage u(t) 1s applied to the capacitor C (variable), which
is charged and discharged agross the resistance R = 500 Q by the
rectangular pulse generator®. The measuring process is periodic
with a repetition frequency of 40 Hz, and the duration of the
pulse is 8 msec. The time constant RC is small both in comparison
with the duratlon of the pulse and In compariscn with the duration
of the pauses between the pulses. Therefore, before the end of
any glven pulse, the voltage u(t) 1s virtually constant = @ during
a period of time on the order of milliseconds, so that .a: steady
state 1s achleved in the p*npt slice. Moreover, it 1s ensured
that u(t) can decay completely after the end of a pulse before

the next pulse starts. The zero-time point (trigger point) for

3Two—part3enitric-acid,(fumingi;ﬂone @art'hydrqflﬁ0r1c acid (403),

one part acetle acid (cone.).
4

Hewlett Packard, Model 21k.
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the ty measurement ls at the end of the pulse, i.e. at the
beginning of the voltage drop. The current curve 1(t) 1s
determined from the Vbltage‘curve on the nmeasuring resistance
Ry = 100 @ with an oscillograph.®

The serles circuit of the p*npt sllce and Ry constitutes = /102
a highly resistive shunt of the capacitor C to which the voltage
u(t) is applled. The current flowing through this shunt is so
small that the charging and discharging of C is hardly affected.
In particular, this means that u(t) decays very. nearly exponen-—
tially after the end of the pulse, with the time constant

t, = RC (73)
The voltage on the measuring resistance Ryl(t) is negligibly
small in comparison with u(t) during the perlod of time crucial
for the decay time measurement —- from t = -1 msec (atout) to
t = ty. Therefore, during this geriod, u{t) is practically
equal to the voitage on the ptnpt slice. However, the current
1(t) depends on both the voltage on the p*npt slice and 1ts
derivative with respect to time. This time derivative differs
from du/dt by the value Rmdl/dt. Therefore, there is a falsi-
fication of the time derivative of the voltage on the pinpt slice
when di/dt assumes large values. Thils is briefly the case at
the beginning of the voltage drop and has the effect that the
values of t4y cannot drop below a "blank value." This blank value
1s a function of Ry and the capacitances of the p-n junetions,
and In our measurements 1t was about 1 usec.

Transition resistances between the p"’np+ slice and the
electrodes have the same effect as an 1lncreased measuring resis-
tance. Isclated occurrences of excessive transition resistances
are eliminated by rubbing thin gallium layers onto the p"'np+
slices with a gallium-wetted aluminum rod.

6.3.3. Polarity and Contacting of ntp*np? Slices

ntptnpt slices with an imbedded n't region can be measured in
the same fashion as pinpt slices when the polarity and contacting
of the slices for the ty measurement is as depicted in Fig. 403. /103
The expression "imbeddeg nt region™ is to mean that the n region
is surrounded by the adjacent region (pt).on the sildes, and is

- 21so penetrated by the latter at at least one point (Fig. l0a).

N With the,given palarit ,'cd}respdndiﬁg"to'ﬁhé back diféction
(negative reverse directlon) of thyristors, the following

ETektronix, Model 543 A with W slide-in unit.
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J1 1s polarized In the forward directlon, and Jp in the reverse
direction. J; is short-~circuited on the upper side of the slice
by the upper €lectrode, and further inward, where Js runs parallel
to J;, 1s weakly polarized in the reverse directlon. With this
polarity, the Imbedded nt reglon acts in essence only as a
constriction of the hole-current path from the top of the slice
to Jy. Below thils constriction, the hole flow lines wlll spread
out. Nevertheless, a certain inhomogeneity of the hole current
density will be unavoidable at the level of J;. However, the
conduction mechanism in the tq measurement 1ls essentlally the
same as that in a ptnpt slice.

If the polarity 1s different from that given 1n Fig. 40a,
Jp 1s peolarized in the forward direction, J1 In the reverse
direction, and J,, in its sections runnin§ parallel to Jy, weakly
in the forward direction. That is, the nT reglon injects elec-
trons across J, into the underlying pt region from which they
can enter the n-type reglon. The conduction mechanism is then
quite different from that in a p¥npt slice. We then have a
shorted-emitter thyristor polarized in the switch direction, which
can under certaln circumstances lose its blocking capabllity
(through-connection). Therefore, no measurements were taken out
with reversed polarity.

Isolated instances of excessive transition resistances were

also found In tg measurements on ntptnpt slices, and they were
e¢liminated by rubbing on thin gallium layers.

6.4, Comparative Measurements on Diodes

The comparison lifetime measurements were carried out by
the retention time method (see Section 2.2.2) on ptnnt diodes
prepared from the ptnpt or ntp*npt slices following the tg /104
measurements.

" 6.4.1. Preparation and Measurement

To prepare a ptnnt diode (see Fig. 40b), we removed from the
ptnpt or ntptnpt slice that p* reglon (by lapping and etching)
which had been covered by the poslitive electrode in the t4 meas-—
urement. (That is, with an ntptnpt slice, the imbedded nt region
‘was'also removed simultaneously.) The p*tn structure obtalned in
- this fashlon contalns the diffused p-n-junction Jo. “An -antimony-
containing gold foll is alloyed Into the n-type side of this
structure, producing an n-nt junction (low-high junction) and
the metallic cathode. In the same alloying process, the pt-type
side was connected to the anode (molybdenum) by the Siluminf foil,

forming an ohmic contact. . . L UL T T

?Silicon-aluminum eutectic.
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For the studles described below, ptnnt dlodes were prepared
with a silicon-slice diameter (anode diameter) of 7 mm and a
cathode diameter of 5 mm. These 7-mm-diameter sllices were
drilled from larger ptnpt or n*pinpt slices with the aid of
ultrasonic drills.

Before the lifetime measurement, the diodes were etched
for a few seconds In CP6 to obtaln a low surface recomblnation
rate. In the measurement of the retenticn time tg, the forward
current is Ip = 5 mA and the reverse current Ig = 1 mi (cf.
Sectilon 2.2.2). From the measured tg, and the given ratic If/Ig,
the lifetime tg is determined in accordance with Eg. (5). ¥or
Ig/Ig = 5, (5) Implies

T = 1.1t (74

We designate the lifetime here differently than in Sections 1-4,

in order to indicate that the objects of measurement differ con— /105
siderably from each other. The diodes described in Sectlen 2.3

can be termed p™nR diodes (R = recombination contact), since

W, {(wldth of the n-type region) is large in comparison to L

{hole diffusion length in the n-type region). Therefore, the

slices from which these ptnR dlodes are prepared are sometimes
several mm thlck. On the other hand, the decay time measure-

ments were conducted on comparatlvely thin slices (at most 0.4

mm thick), which were largely taken from normal production

hatches. For the ptnnt diodes prepared from these slices,

W,, >> LE 1s in general rnot satisfled. For short, we call these
diodes %hin ptnn* diodes. These diodes and also thin p'nR

diodes do not satisfy all the assumptions made for deriving

Eq. (5) and thus (74) (see Section 2.1). However, it was found

that with a thin n~type reglon, the lifetime measurement by

the retention time method gave better results on p*tnn't dicdes

than on ptnR dilodes. For thin p*tnR diodes, tg and thus Ty

depend so strongly on W, that the influence of lifetime 1s
completely obscured. On the other hand, for thin ptnnt diodes,

the influence of the lifetime generally predcmlnates, although

here too, Wp depends somewhat on ts and 1x. The 1x value found

for a p¥nnt diode actually does not agree preclsely wlth the
lifetime in the n-type region, but 71y 1s a usable measure for

the lifetime -~ J.e. approximately proportional to lifetlme -- when-
ever the condition Wy > Ip 1s satlsfled. Comparing p*nnt diodes
with constant Wp, tg also increases with the lifetime when

WE 3 Lp 1s no laonger satisfied, but the rise becomes increasingly
flatter. ' - L

Thin p*nn* dlodes have the advantage over thin ptnR dlodes
in lifetime measurement, but they have the drawback that a heat
treatment (2lloying process) must be carried out to produce the
n-nt junction. In this process, small quantities of additional
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recombinaticn centers enter the n-type region. The lifetime in

the n-~type reglon of the p*nn+-diddepis;therefore somewhat lower

than in the n-type region of the original p*tnpt or ntpinpt slice.

At the relatively low alloylng temperature, thls side effect is /106
usually of relatively minor importance and will henceforth be

ignored.

The n-type regions of the ptnnt diocdes prepared for the
studles now to be described were always about 40 um thinner than
the original ptnpt or ntptnpt slices.

6.4.2, Relationship Between the Measured Lifetime Tx_and the
Recovery Time

Since on one hand, the value of Tk measured for ptnnt dilodes
is a measure gf the lifetime, and since on the other hand, the
recovery time® t,; of a thyristor is a linear or at least mono-
tenlcally dnereasing function of lifetime, tq should be a linear
or at least monotonlcally Increasing function of Tg- In practlce,
the relationship between t., and TK can be checked as follows.
From batches of ptnpt or _n+p"'np+ slices of a specific type,
several specimens are taken per batch to prepare ptnnt diodes and
Ty 1s measured for them; t, 1s measured on the thyristors pro-
duced from the main portion of each bateh. The mean values t
and 1x are plotted against each other for each batch. Taking
mean values is necessary because t. and Ty Sometimes vary widely
within a batch. The specimens for preparing ptnnt diocdes are
taken after the last heat treatment having a substantial effect
on lifetime (gettering process, gold diffusion). With some types
of thyrilstors, this heat treatment 1s followed by an alloying
process. This 1s particularly true for diffused-alloyed thyristors,
where the diffused p*tnp* structure is converted to an ntptnp
structure by alloying on an antimony~containing gold foll. The
alloying process for thyristors resembles the alloying process
for p*nnt diodes (Section 6.4.1) and therefore has the same,
usually negligible influence on lifetime. -

Figure 41 depicts %the relationship between t. and 1K for
a diffused-alloyed thyristor type. Each batch supplies one /107

——

8The recovery tlme ty Is the minimum walting time between the
- zero~current point 1% passing from the switch direction to the

- back dlrection gnd the return of a voltage In the forward direc-
tion which must pass untll the thyristor regalns its blocking
capabllify In the forward directian. tg 18 a function of, among
other things, the femperature of the thyristor slice and the
receding forward current [73, 74].
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measurement point. The pitnpt slices of a single batch all come
from the same crystel, were gallium-diffused together in an
ampule, and were gold-diffused at the same temperature -- whenever
a gold diffusion was carried out. The slices of different batches
came from different crystals, but are all of the same type. Six
8llces were taken for the Ty measurement from each bateh, and tg4
was measured for about 50 thyrlistors. There ls a linear relation-
ship between tg and 14, but the measured points fluctuate in

spite of the averaging. As the€ result shows, i1t is still possible
to predict with some certalnty the mean recovery time {1, by
measuring Tty on a relatively small number of specimens per batch.
If £, lies outslde the desired range, the lifetime can be raised

or 1gwered by gettering or gold diffusion.

A dlrect check on the relatlonshlp between tg and T4 can be
made In the following manner. After the t4 measurement, the ntptnpt
slices were prepared from -- e.g. fully diffused -- thyristors,
and p*nnt diodes were produced from these slices and Ty measured
for these diodes. TFlgure 42 shows the result of such a serles of
measurements on fully diffused thyristors. Three dlodes (7 mm
diameter) were produced from each prepared ntptnpt slice. Tg is
averaged over the three diodes per slice. In spite of occasional -
large fluctuations, it can be seen from Fig. 42 that tq ilncreases
with Increasing 7y. The fluctuations are due at least 1n part
to the inhomogeneity cof the ntptnpt slices relative to 1lifetime.

A clear slgn of such inhomogeneltles 1s provided by the fluctua-
tions 1n 1ty values for the tgree diodes from a single slice: for
some of the slices, the span” of the 1y values was at least 30%
of the mean Tyg-

6.5. Results and Expansion of the t4 Measurement

Slices (p*np+*, ntptnp*) and fully diffused thyristors (func- /108
tional components, but without case) were studied. The tg values
cf the slices were correlated with the Tg values of the p*nnt
dicdes prepared from them. The tg values of the thyristors were
compared directly with their recovery times. 'In the decay time
megsurements, the "plateau voltage" @ (see Fig. 37) was always
50 V. The tlime constant tgz of the voltage drop was sometlmes
constant = 100 usec, and sometimes, in elaboration of the method,
tg wae adjusted "lndividually" in accordance with specific
crliterla for each test object (Section 6£.5.2).

6.5.1.  Gallium-Diffused p*npt Slices

The sllces studled, all of ?he_samé typé, came from seven
. diﬂfusian.batches,and.lﬁ.crystalsv,ﬂAfterltheigalliumfdiffuéion;

pifference between the largest and smallest of the three Ty
values for a single sllce.

72



the ptnpt slices underwent no further heat treatment (gettering,
gold diffuaion}. The type of slice is characterized by the
followlng figures: - ‘

n-type region: P = 65 Qem, W, = abgut 210 um

pt-type regions: Ng(Ga) = about 51018 cm~3, thickness =
= about 95 um

diameter = 14 mm (before edge etching, after-

ward about 13 mm)
Here:
Py = resistivity of n-type regilon,

Wp = width (thickness) of n-type region,
Ng(Ga) = surface concentration of gallium.

f

The decay tlme measurements were carried out with tg = 100
usec at & = 130°C, where the critical temperature ©(ty = 100 usec)
was between 136 and 148°C. A p*nnt dicde (7 mm diameter) was
prepared from each p*tnpt slice. Tx was measured at 130 and 28°C.

In dlagrams A and B of Fig. 43, the measured l1ifetimes Txg(130°C)
and 1x(25°C) are plotted against tg(130°C). In spite of consider=-
able fluctuations, it can be seen in both dlagrams that g is
approximately a linear function cof tg. Diagram A 1s the more
"relevant" of the two diagrams, because there the measurement
points were obtained by measuring tg and T at the same tempera-
ture. Since lifetime is a function of temperature, it initially /3109
appears doubtful that there 1s a relationshilp between Tg(25°C)
and t3(130°C). (Measuring tgq at 25°C would be pointless because
tg depends on lifetime only in a relatively narrow range of
elevated temperatures, cf. Section 6.2.3 and [71]. However, it
was found that in golng from 130°C to 25°C, Ty changes by a
factor which is roughly the same for all diodes; roughly ty{25°C)/
/g (130°C) = 0.3. Hence, diagram B yields roughly the same
picture as diagram A.

The scatterlng of the measurement points in dlagram A cannot
be explained by the measurement errors a2lone, which can be
about +2% 1n the tx measurement and about #5% in the tg measure-
ment. Other causes for the scattering could be:

a) In measuring tg, the surface current flowing across the
edge of the slice might not be negligible 1in comparison with the
volume current, even when the edge etching appears successful.
The surface current will not hdve the same time behavior as the
volume current, and therefore falsify the. decay time, which is
a volume effect. The falsiflcation of the value of tq can vary
from one slice to the next depending on the ratlo of surface and
volume. currents and on the time behaviors of the two current
components. '
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b} Inhomogeneities of lifetime in the lateral direction
(parallel to the p-n junctions) will not have the same effect on
tq as on Ty, . This is particularly true when, as in the present
case, the g*nn* diode has a smaller diameter than the original
g8llce on which the t3 measurement was carried out.

¢) The relationship between decay time and lifetime depends
on the type of recombination center (Section £.2.3.2). A similar
effect can be anticipated when the slices contain several types
of recombination centers, in proportlons varying from one slice
to the next. Thls will produce scattering in the ty-ty dlagram,
since the functlon 1ty = F(tgq) will depend on these proportions.

In passing from diagram A to diagram B, there is an /110
additional cause for the scattering: the ratlio ty(25°C)/14(130°C)
is not precisely constant, but generally differs somewhat for dif«-
ferent dilcdes.

The tg~tg relationships considered in the following sectlons
are deplcted as in dlagram B of Fig. 43: t¢(25°C) is plotted against
the decay time, which was measured at a suitably high temperature
(130 or 140°C}. In this representation as well, the Tg~tg relation--
ship sti11l depends on the type of slice.

6.5.2. Expansion of the Decay Time Measurement

In earlier measurements of tg [71] and in those described
in the preceding Section 6.5.1, the time constant of the voltage
drop had a fixed value: tz = 100 usec. The prccedure for meas-~
uring tgq with ty = const. has the drawback that the conditlon
8 < 0 (tg-measuring temperature smaller than the critical tempera-
ture} must be satisfled so that a tg value will exist at all.
With fixed tz and (0, © depends on, among other things, pg
{resistivity of the n-type region), and in fact 0 increases as
pp decreases. The closer & is to ©, the clearer the relation-
ship between tgx and tg, soithat matching €& to the pp of the
slice type cannot be completely avoided. The scattering of ©
within a single slice type causes even more problems than the
pn—dependence of @. Namely, the range of variation of @ will be
known to a certaln extent only when © has beern determined for
a large number of slices.

In order to avoeld the drawbacks assoclated with measuring
tg (t, = constl), the ty measurement was expanded by two medi- .
fications In each ¢f whilch the condition t5 = const. was replaced
by a different one. The two modifications have In common that
the current-tlme curve is In effect forced to have a minimum
-- 1l.e. tq will exlst -- where tg ls setl "individually" for each
test object.. This simplifies the choice of the measuring
temperature 6.
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If for a glven slice the tlme constant ty of the voltage /311
drop 1s varled, while all other parameters are held constant,
the Torm of the current-time curve during the vcltage drop
changes. If Ty Is sufficiently small, the current-time curve
has a minimum, which -~ as opposed to that deplcted in Fig.
37 == lles under the zero line. I.e. tg exists and 1g < 0,
where 13 designates the current at the time tg, 1.e. at the
minimum. As t5 increases, so do both tg and ig. At a certain
ta = tags 13 = 0, 1.e. the current minimum lies exactly on the
zero line (see Fig. Ula). As t5 continues to increase, so do
tq and 13; i3 1s now positive, and the case depicted in Fig. 27
1s obtained. When t, reaches a certain value tap, the current-
time curve no longer has a minimum, dut instead a point of
Inflection with a horizontal tangent. (see Fig. U44b). For tg > taps
i(t) is a monotonically decreasing functlon which finally
intersects the zero line. .

This ta~dependence of the 1(t) curve, which can be explained
theoretically, contains two characteristic cases, i3 = G and
tag = tap, from which two new conditions for measuring tg can be
established.

The first condition reads: tg 1s to be adjusted so that
tag = tggs 1.e. 13 = 0 is satisflied. The resulting decay time
-~ which 1s sure to exist because of tzg < tap -- will henceforth
be designated ty(ig = 0) (see Fig. 44&%. )

The second condition is as follows: ty 1s first adjusted sco
that t; = tgp 1s satisfled. Then t, is halved. The decay time
measured at %hat point -=- whlch 1s sure tc exist because of
ta = tagp/2 -- 1s designated tg(tap/2) (see Fig. Ulb).

The required varlation of tz is accomplished by adjusting
the variablelO capacitance C with constant observation c¢f the
i(t) curve. The values of tgy, and tap are generally different /112
for different slices.

The relationship between the lifetime and the two variants
of the decay time has not been subjJected to a more precise
theoretical investlgation. From more qualitative considerations,
1t can be Inferred that both tg(ig = 0) and tg(typ/2) increase
as the lifetlme lncreases, if, wlth constant g a g 8, slices of
a specific type, containing the same type of recombination centers,

. are compared with each other. . .

10a - Q.001~10 uF (4 decades). In the measurements, ty was never
larger than 1 msec and was therefore small in comparison with the
pulse duration (8 msec¢) and the duration of the pauses between
the pulses (17 msec), ef. Section 6.3.2.
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While tg(ty = const) rises rapldly with increasing tempera-
ture § up to the critical temperature @, tg(ig = 0) decreases
with increasing 6. The temperature variation of t3(tap/2) is
comparatively weak, but at high ¢ td(ta /2) also falls” with
inereasing 6. Hence, 6 cannot be chos arbitrarily large for
elther tg{ig = 0) or for tg(typ/2); 1t is true that there is no
critical temperature for the £fo kinds of tg, but if & gets too
large, the measured values become very small and no longer pro-
vide any informaf.lon on the lifetime. There is also a lower
1imit for temperatures sultable for measurlng the two types of
td. Namely, 1If & is too small, the precision of measurement
becomes very poor because of the smallness of i,, and t, must
be set to high values which are no longer small relative to the
duration of the generator pulse (see Rection 6.3.2). Hence,
for both tg(ig = 0) and t4{t /2), there are only bounded suitable
temperature ranges in which %d can be measursd with sufficlent
precision and in which a relationship with lifetime can be
ariticipated. However, these temperature ranges are wider than
the temperature range suitable for measuring ta{ta = 100 usec).
Frequently, the three temperature ranges overlap, so that all
three decay times can be measured at the same temperature.

6.5.3. Galilum-Diffused, Gettered, and Gold-Iiffused p*npt Siices

The slices came from one crystal and were all of the same type:

n-type reglon: pn = gbout 70 Qcm,W, ? = about 210 pm /113
pt-type regions: Ng(Ga} = about 5- 10 8 em~3, thickness =
‘ = gbout 95 um
dlameter = 10 mm (before edge etching, afterward
: about 18 mm).

Six groups of such slices were studied:

A = only gallium-diffused;

B = gallium~diffused and gettered;

C = gallium-diffused and strongly gettered;

D= gallium diffused, strongly gettered, and gold-diffused Tor
1 hour at T80°C

Dzz.ga111um—diffuseu, strongly gettered, and gold-diffused for
1 hour at 8QQ°C
gallium~diffused, atrongly gettered, and gold—diffuaed for

o
(WY}
: L]

1 hour at 830°C. — S S
For.the ptnpt slices, gty = 100 usee), tg{ig = C), the

critical temperature @(ta = 100 psec), and the steady-state

reverse current 1y were measured. Two or three ptnnt diodes

per sllce were prepared for the Tg measurement.
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The most Important results are collected in Table 10Q. For
each quantlty measured, the table gives the smallest and largest
values as well as the mean (underlined) within a group; T is
already averaged over the-two or three diodes from cne slice.

Flrst consldering 1y, the expected trend is found from
Group A to D3: gettering increases lifetime, gold diffusion
reduces it -~ the higher the gold diffusion temperature, the
greater the reductlion perlod. The lifetimes in Group A are
strikingly short, 1n general the lilfetimes for gallium-diffused
ptapt slices (only gallium diffusion) are longer.

tg(t, = 100 usec), measured at 130°C, shows a variation from
Group A to D1 simiiar to that of Tg- Measurements cannot be
taken for Groups Do and Dy, because the critical temperature ©
is below 130°C. The drop™in € with increasing gold diffusion
temperature cannot be explalned by the pp~-dependence of 0 ‘
mentloned in Section 6.5.2, because gold diffusions resulted in /114
only small changes of P+ The drop iIn © is probably based on
the properties of gold as a recombinationccenter, which we will
discuss further below. It is practically impossible to measure
tg{ty = const.) for gold-diffused and non-gold-diffused slices
at tne same temperature. At al!lower temperature, e.g. 100°C,
ta(ta = 100 usec) would be measurable for the gold-diffused
slices as well. However, then the t4 values for non-gold-diffused
slices would be very low and would not exhibit any relaticnship
to lifetime.

ta(ig = 0), likewise measured at 130°C, can alsc be measured
for the strongly gold-diffused Groups Do and D3, slnce after all
there 1s no critical temperature for the tg vablants. Like Ty
t3({lg = 0) is increased by gettering (from Group A to C) and
reduced by gold diffusion (from Group C to Di). If T 1s plotted
against tg(ig = 0) for slices cf short 11fet§mﬁ (Group A, D,, to
D3), two features are worth noticing (Fig. U45a). - First, thé
measurement points of Group A with the low "natural lifetime®
(after gallium diffusion})-are far- below the curve which- can be
drawn through the measurement polnts of the gold-diffused groups.
Second, the values of tg(ig = 0) for the gold~diffused slices
are very small (1 usec) even at relatively large values of T s
l.e. the blank value of the measuring circult (about 1 usec)
is practically reached. This implies that for gold-diffused
slices with lifetlmes below & certain 1imit, even tg(ig = Q)

" fails as a measurement of lifetime.“

In consldering the steady-state reverse current i, at 130°C
(Table 10}, a consplcuous feature is the large difference between
the two Groups A and D3 with short lifetimes. Moreover, 1o
falls with Increasing ty for the gold-diffused slices, while ig
rises with Ilncreasing ty for the non-gold-diffused slices

77



(nevertheless, 1, rises only by & factor of 2, while 1y is
growing by a factor of 30).

Gold-diffused slices with short lifetimes (Group D3) thus ~ /115
differ greatly from sllces with low "natural lifetimes" (Group
4) in both critical temperature 6(%t, = const.) and steady-state
reverse current 1. These differences are comprehensible
qualitatively, given the two following assumptions. Flrst:
the D3 slices essentlally contaln only gold atoms as recombina=-
tion centers, surely a plausible assumption in view of the long
lifetime before gold diffusion. Second: the A slices contain
no gold, but another, unknown recombinatlon center, whose energy
level is at least 0.18 eV away from the center of the forbidden
band. It can then be shown that the coefflcient Dpy Introduced
in Section 6.2.3.2 (Egs. (69) and (72)) 1s larger for the D»
slices than for the A sllces when the values from [24] and f?S]
are employed for the energy levels and recombination rates of
gold. FTor a given type of slice and for given u, ta, and €, the
behavior and the existence region of the function tgq(ty = const.) =
= f(1) depend on Drz (i.e. on the type of recombinatiorn center).
In the range 0 < 1 < t¥%, t3(tg = const.) does not exist (ef.
Section 6.2.3.2). This means: for 1 < 1%, the measuring tempera-
ture 8 > the critical temperature ©; for T > t¥, however, 6 < 0,
l.e. tg{ty = const.) exists. With the ald of the formulas
collected in [71], 1t can be shown that t* increases with
increasing DRz. This is plauslble because a larger DRy means
a larger generation rate G; hence, not until large 1t will the
generation of charge carriers in the space charge reglon be
small enough so that 1(t) will pass through a minimum. Since t*#
grows with increasing Drz, and since the Drrz of the A slices
1s smaller than that of the D3 slices, 1t follows that in a
certaln lifetime region the decay time tgq{tz = const.) can be
measured for the A slices or slices "lifetime-doped" with the
same recomblnation center, but not for slices "lifetime-doped"
with gold. No quantltative calculation of this lifetime range
was attempted. The experimental results 1ndicate that the upper /116
limit of this range is 1Ty = 16 usec, where the @(tg = 100 usec)-
T curve of the goldudif¥used slices passes through 130°C.
Nevertheless, 1t must also be assumed that gold is the essential
lifetime doplng in all three groups Dj, Dp, and D3, but.this
assumption appears risky for Group D1. The lower limlt of the
lifetime region defined above is below tx = 1.7 usec, since
tq(ta = 10Q upsec) is stilll measurable even for the A slices,

From Fig. 45b, it can be deduced that the steady-state
reverse current lg of the A slices is smaller than that of
gold-diffused slices with the same lifetime. This can be
explained with the same assumptions made above to interpret
the different behavliors of © as tg varied. Namely, 14 is a
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function of TRzll, and In fact iy rises as Drz increases.
Furthermore, theoryll indicates that the reverse current ig
increases as lifetime decreases 1f Dgy is constant. The
varlation of Ty with 1/1p (Flg. 45b) found for the gold-diffused
8lices 1s therefore in essence comprehensible theoretically.

No explanatlan has yet been found for the rise in 1, with
inecreasing tx in the non-gold-diffused slices (see Table 10,
Groups A-C).

Although the relatlonship between tq{i; = 0) and the
1lifetime has not yet been subJected to a more thorough theoretl-
cal study, 1t can be assumed that this relationship as well will
depend on DRy, i1.e. on the type of recomblnation center. With
this assumption, 1t is understandable that the measured points
of Group A In Fig. 45a lie off the curve through the measurement
points of the gold-diffused slices.

6.5.4, ntptnpt Slices

In one series of measurements, tg(tazg = 100 usec) and
tg(ig = 0) were compared as to thelr sultability for lifetime :
measurements on ntp*npt sllices. The ntptnpt slices not 1lifetime- /117
doped with gold came from a large number of crystals and dif-
fusion batches and exhibited the following parameters charac-
terizing the type:

n-type region: Pn = about 30 Qecm, Wn = about 150 um
pt-type regions: Ng = about 5.1018 em—3, thickness =
= about 50 um
n¥-type reglon: Ng = about 1021 em-3, thickness = about
25 um (imbedded in a pt-type region)
dlameter = 19 mm (before edge etching)

Two or three ptnnt diodes per slice were prepared for measuring TK.

In Fig. b6a, 1y, measured at 25°C and averaged over the
dlodes of one slice, 1s plotted agailnst tg(ta = 100 usec),
measured at 140°C. 1In Fig. 46b, tx(25°C) is plotted against
tg(ia = 0, 140°C) for the same slices. Comparing the two
diagrams shows that tq(ig = 0) is far more sultable than tg(ty =
= 100 psec) as a measure for the lifetime. In Pig. 46a, the
scattering of the measurements above tg(ty = 100 usec) = 30 pusec
is so great that drawlng a curve through the measurements would
be pointless. I.e. td{fa =.100 psec) is practically unusable - -
as a measure for lifetlme. On the other hand, Fig. 46b shows
a linear relatlonshlp between 1g and t3q(ilg = 0), in spite of
conslderable scattering In this case as well.

Tior. (7111, Bas. (20) and G301,
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The drawkack of the "primary" decay time tg(ta = 100 usec)
found in this series of measurements 1s not caused by too low a
measuring temperature (6 = 140°C). Namely, the lower limlt of
the range of the eritical temperature @ was 146°C. Increasing @,
which might have resulted in a better relatianship between tg(tg =
100 usec)} and 1K, was therefore not posslble in practice.

. No satisfactory explanatlon for the failure of td(ta = 100
usec) as a measure for the lifetime of the niptnpt slices has
yet been found. In particular, the influence of the imbedded
ntetype region is unclear.

6.5.5. Relationship Between Decay Time and Recovery Tlme for /118

Up til now, the utility of the decay time method has been
studied by investigating the relationshlp between tg and the
lifetime 7k measured by another technigue. In the practice of
component production, one is less Interested in the relatlon-
ship between the lifetimes measured by different techniques than
in the relationship between lifetlme measurements and the elec—- = -
trical properties of the component, e.g. the recovery tlmenty
(73, 74]. That there is a relationship between tyg and tq was
shown in Section 6.4.2. 1In the direct examinaticn of the tTx-tq
relationship -- measurement of both gquantities on the same
cbject -~ the thyristor had to be desitroyed to prepare ptnnt
diodes for measuring tg. In contrast, a direct examinatlon of
the td-tg relatlonship can be carried out nondestructively.

Functional, fully diffused thyristor elements (with massive
anode and cathode, but without case) were investigated wilth
slices of the followlng type:

about 35 Sicm, W, = about 150 um

5.1018 em—3, thickness = about 65 um
about 1021 cm‘3,, thickness = about 30 um
bedded in a pYt-type region)

slice diameter = 23 mm

n-tyre region: Pn

pt=type . regions: Ng

nt-type region: N
(im

The thyristor sllices came from several crystals and dif-
fusion batches (gallium, phosphorus). In order to lower the
lifetime, some Qf the slices were also gold-diffused at
temperatures between 835 and 845°C. =

In the tg measurements, the cathode was posltlve and the
anode was negative. The p-n junctlon between the nt-type
reglon and the adjacent pV-type reglon 1s largely short-clrcuilted
by the cathode. Therefore, the practical situation 1is that
depicted in Fig. 4Qa,
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The recovery time tq Is plotted agalnst ty(ig = 0) and /119
ta(tgap/2) in Fig. 47. &g was measured at 125°C and aiforward
curregt of 10Q A, the two kinds of tg at 130°C..

For the non-gold-diffused thyristors, a clear relatlionship
1s found between tg and t4(ig = 0) as well as ta(tap/2), even
though accompanled by the usual scattering. On the other hand,
toth tg varilants fall for the gold-diffused thyristors, whose
recovery times are mostly less than 30 psec, thus meefing the
requirements for fast thyristors. The measurements for the
gold-diffused thyristors (19 items) lie 1n the shaded reglons,
i.e. far from the other measurements. For the gold-diffused
thyristors, no varlation e¢f ty with tq Is detectable. foreover,
most of the values of tg -- bSth at.ig = 0 and at tg = Lap/2 ——
are less than 3 usec, and thus close to the "blank value" of
the circuit, which is about 1 usec. (cf. Sections 6.3.2 and 6.5.3).

As mentioned in Section 6.5.2, there are for tg(ig = 0) and
td(tap/2) only limited temperature ranges suiltable for lifetine
determination. For the non-gold-diffused thyristors, even those
with low recovery times, i.e. with low lifetimes, 6 = 130°C is
in the suitable temperature ranges. On the other hand, for -
gold-diffused thyristers, & = 130°C is too high a measuring
temperature, which is indlcated by the very low tg values. If
there are suitable temperature ranges at all for the gold-diffused
thyristors, in which a relationship can be found between llfetime
¢r recovery time on the one hand and tg{(ig = 0) or td(tap/E) on
the other, then these ranges are below 6 = 130°C. However,
measurements at lower temperatures -- down to 6 = 80°C, at which
tq meéasurements were still just possible -~ led to disappointing
results. Indeed, the tg values increased with decreasing 6,
put no tgq-tg relatlionship could be distlinguished because of the
large fluctuations in the measurements.

The difference in behavior in decay tlime measurements
between gold-diffused thyristor slices with short lifetimes on
the one hand and non-gold-diffused thyristor slices with short /120
lifetimes on the other corresponds completely to the difference
in hehavior described in Section 6.5.3 between gold-diffused
and non-gold-diffused p¥npt slices. Accordingly, it can be
assumed that a recombination center other than gold predominates
in non-gold-diffused thyristor slices.

Measuring tg with constant tg = 100 usec at ¢ = 130 and
140%C in.thils sequence of measurements dld not preduce any .
useful result elther. Measurements could not be ftaken for the
gold-diffused thyristors -~ the critical temperatures were far
under 130°C -—- which is not surprising in view of the results
of Sectlon 6.5.3. If tq 1Is plotted agalnst tq(ty = 10Q usec)
for the non-gold-diffused thyrlstors, a plcture is obtalned
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which 1s very simllar to that of Flg. l6a. Therefore, we
must dilscard tg(tyg = 100 usec) as a measure for the recovery time.

According to the results of this and the preceding section
0.5.4, the tg values determined under the conditions ig = 0 and
ta = tap/2 are a useful measzure for the lifetime or recovery
time of non-gold-diffused ntp*tnpt sllices or thyristors. On
the other hand, both types of tg fall when gold diffusion has
depressed the lifetime to such low wvalues that the low recovery
times required for fast thyristors are obtained. The “primary"
decay time tg(ta = 100C usec) d1d not werk for either gold-
diffused or -- for unexplalned reasons -- non-geld-diffused
ntptnpt slices and thyristors.

§.5.6. t4 Measurements on pfnp+‘SIiCES'for”Hall Effect Studies

In Section 5.3.5, 1t was shown that there Is a relation-
shlp between tg or 1/tg and the concentration of deep impurities
in the n-type region determlned by Hall measurements (see Flgs.
30 and 32). The tg values were measured under the condition
ta = tap/E at 6 = 130°C: td(tap/E, 130°C).

The gallium-diffused ptnpt slices ecame from four crystals,
which differed considerably from one another in resistivity
(from about 70 to about 150 fQem). The pp of the diffused slices /121
dlffered to a greater or lesser degree from the initial values
of the crystals. For decay tilme measurements on sllces with
different pn (resistivity of n-type regicn), the most suitable
value 1is td?tapfa). Thls 1s because this measurement can be
used as a measure for lifetime in a relatively broad temperature
range and depends comparatively weakly on temperature, and the
rosition of this temperature range depsnds only weakly on Pn-

6.6. Summary

The decay time method 1s basled on the followilng experimental
finding, which can be interpreted theoretically tc a great
extent: 1If an initially constant, and then (from t = 0) exponen-
tlally decaylng (falling) voltage 1s applied to a p*npt slice
held at elevated temperature, under certain conditions the
current will pass through a minimum; the tlme at this minimum,.
called the decay time tg, proves to be a measure of the lifetime
{of the n-type regilon) of the ptnpt slice in many cases. ' o

To test the method, a large number of diffused ptnpt and
ntptnpt slices (wlth imbedded n-type region) were studied. In
this case, tq was compared with the 1ifetlme 1y measured by the
retention time methdd._,r§ was measured on ptunt diodes prepared
from the ptnpt and ntptnp* slices after the measurement of tg.
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The decay time measurements were first taken with a flxed
time constant tg for the voltage drop: tg = 100 usec. The
decay time tg(ty = 100 psec) increases wlth increasing tempera-
ture, but only exists up to a "critical temperature" @, which
depends on, among other things, the resistlvity of the n-type
region. There can be a relationship with lifetime only in a
relatively narrow temperature range helow 0.

For gallium-diffused ptnp* slices, an approximately linear /122
relationship was found between Tk and tg(ti = 100 usec). In
this case, the measuring temperature was close (about 10°) to
the lower limit of the-range of variatlon of 8. This © range
was about 10° for galllum-diffused slices of a specific type.
Slices with short 1ifetimes after gallium diffusion and slices
with longer lifetimes due to gettering also lie iIn this range.
However, galllum-diffused slices whose lifetimes had been
reduced from high valuez to low ones by gold diffusicn exhibited
a strong drop in © with decreasing ty, which made the decay time
measurement with tg = constant practically impossible.

For ntptnpt structures, ta(tn = 100 usec) proved to be
unsuitable for lifetime measurements. Thils is because there
was no sufficlently well-defined relationshlp between decay
time and lifetlime for non-gold-diffuseéd structures. For gold-
diffused structures, thé same difficulties were encountered as
with gold-~diffused ptnp* structures.

The decay tlme method was expanded.to two modifications in
which the time constant t; 1s set individually for each slice
according to specific criterla. There is no critical tempera-
ture for the two tg variants. Here too, however, a relation-
ship with 11fetime will exlist only in limited, although relatively
broad temperature ranges. .

For non-gold-diffused nfp*npt slices and thyristors, approx-
mately linear relationships were found with T and with the
recovery time tg for both tq variants downto Iow values of Tty
and ty. However, if short recovery times were produced by
gold giffusion, then both tg variants falled as a measure of
recovery time and lifetime. .

Since slices wlth low lifetimes wlthout gold diffusion
behave completely differently 1n the decay time measurement from
gold-diffused sllces with low lifetimes, it is assumed that a [
‘recomblnatlon center other than gold dominates in non-gold-
diffused sllces. According to a rough estlmate, the energy
level of thls recombination center must be at least 0.18 eV /123
away from the center.of the forbldden band. - -
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7. Avplication of Gold Diffusion to the Production of Fast .. /124
Diodes |

‘Tﬁlﬂ"iﬁtﬁdductfon

For many appllcations in power electronics, components such
as diodes and thyristors with particularly short turn-~off times
are desirable. By systematically controlling the carrier life-
time, these companents can be adapted to the Intended utilization.

A method must be found to répredﬁcibly diminish the 1llife-
time by systematlic injection of recombinaticn centers.

In the following, we will describe such experiments In the
development of a fast power dicde. First 1t was necessary to
study the relationships between the lifetime and the varilous
parameters of the treatment.

7.2. Program

The customary method for reduclng lifetime is the controlled
injection of gold into the silicon lattice. This process depends
on the amount of gold applied to the slice, the temperature at
which the gold i1s diffused into the crystal, and the diffusion
time. We will investigate the influence of these three param-
eters on fthe carrier lifetime.

Moreover, we also wilsh to establish the extent to which the
type of gold application influences the result. The work will
be systematlcally directed toward the practical application,
in order to develop a fast power diode. For thyristors, the
control of specific parameters such as recovery time by gold
diffusion 1s asscclated with greater difficulties than with
dilodes. The differences in technological procedure between
dicdes on the one hand and thyristors on the other will be
discussed.. : . . :

7.3. Preparation and Measuring Instruments - /125

Galllum~-diffused p-n-p slices with the longest possible
lifetimes were employed for the investigations. The slilces
were taken from batches routinely diffused by uniform procedures.
Az Tar as galllum penetration depth-and gallium surface con- - '
centration, the differences hetween the diffusion batches were small.

The galllum-diffused sllces were coated with gold. In the
majority of cases, this took place In an aquecus solution of
chloroauric acld under the action of ultrasonics. After drying,
the slices were placed iIn a fhree-zone~tube furnace, where they
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were diffused under flowing hydrogen (about 150 R/hour). The
temperature of the furnace was held constant within #1°C.

After dlffuslon, the alices were lapped on cne side (a p-n
structure was produced from the p-n-p structure)}, etched,:ard
contacts alloyed on (cathode side Au(Sb), ancde side aluminum-
silicon eutectic on molybdenum carrier plate)}. After a further
etching, the carrier lifetime of the finished diode was measured.
A Tektronix oscillograph with a2 slide=-in S-unit was employed

for the lifetime measurement. This unit switches the current
through the diode from a specific forward current (e.g. 5 mA)

toe the value zero or to a specific reverse current (e.g. 1 mA),
so that 1ifetlme can be measured 1in accerdance with Lederhandler
- and Glacoletto [7] and Kingston [8].

7.4. Gold Coating

We attempted to discover whether a different coating of
the silicon sllces with gold would have an influence on the
lifetime obtained. For this purpose, three identical groups
of Si slices (30 mm diameter) were coated with gold in differ-
ent ways, and then identlcally treated and measured together. -

The first group was coated in aqueocus gold solutlon
(0.001% solution of chlorcauric acid) under the zction of
ultrasconics and then dried.

The second group received a thin gold coating (from the /126
vapor; about 0.1 um thick) on one side and the third group only
on one half of one side of the slice.

After the joint diffuslon of the three groups, a region
of the slices was lapped off and test wafers 7 mm in dlameter
were drilled cut. In the third group, we made sure that
wafers were also taken from the half of the slice not coated
with gold.

Analtysls yielded no difference in lifetimes between the
three groups. All values of tx (lifetime measured by the King-
ston [8] method) wers between 1.9 and 1.9 usec after diffusion
for 1 hour at 845°C. Neither could any difference be established
between the wafers cobtained from the coated and uncoated halves
of the thlrd group.

~ This result can be explained by the known high volume . . . .
diffusion rate [24] of gold in sillicon. Even with nonuniform
applicatlon, the gold spreads throughout the silicon slice in
a relatively short time. :

Based on these results, the simplest procedure of gold
coating, namely appllcation in aqueous soluticn, was always
ugsed In further experiments. The slices were consistently
treated for 30 mlnutes in the gold solution with ultrasonics.
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In order to hold the amount of gold precipitated on a unit
of area as caonstant as posslble, a fixed volume of soluftlon per
unit of slice area was always employed, and the concentration
of the solutlon always held constant.

7.5;”'ﬁepéﬂdéﬁceﬁdfﬁﬁifetimE'ﬁn the Diffusion Parameters Time
" and Temperature

Once the gold coating had been applied, the slices were
diffused for different perlods of time at specific temperatures,
and lifetimes measured on the test diodes. Figure 48 shows
iifetime as a function of temperature and time. Both the C /12
Kingston value Tty and the Glacoletto value 1o are plotted.

Above T7T70°C, an almost exponential drop in lifetime with
increasing gold diffusion temperature can be observed. Never-
theless, with increasing temperature, there is a conslderable
rise in the resistivity ¢, which begins as early as 800°C, as
depicted in Fig. 46. The dependence of lifetime on the dif-
fusion time is very small. Hence, the loglical way to attaln

a specific Ty is by regulating the temperature.

In order to discover whether limiting the supply of gold
to the surface of the slice, l.e. utilizing a gold source with
a finite capacity, has any influence on the lifetime cbtalned,
further experiments were ccnducted.

The p-n-p slices were first coated with gold as usual in
the agueous solution. Socme of the slices were gold-diffused
at different temperatures (790-840°C) and times (0.5, 1, 2,
and 3 hours) by the previously described procedure. After the
application of the gold coating, the remainder of the slices
were brought te the diffusion temperature for 2 minutes and
then cooled. Next the gold was chemlcally removed and the
diffusion continued for the full time (20 or 60 min) at the
previousiy chosen temperature (interrupted diffusion)}. The
result is deplcted in Filg. 50. It can be seen that the 1life-
time values from the interrupted diffusion are markedly higher
than those from normal diffusion. Here the limited capaclty
of the gold source obvlously plays a role. Only the gold atoms
Injected Into the sillicon laitice during the short prelimlnary
diffusion of 2 mlnutes are available for the longer princéipal
diffusion.

In tests on p-n-p-nt slices from thyristor production, e e
curves were obftalned corresponding preclsely to these in

The diffusion time was prolonged to as much as & hours for
individual slices. The resulting lifetimes did not differ
much from those obtalned with a 3<hour diffusion time. In the
practical application, the desired shortening of the lifetime
is econcluded within a relatively short time (1 hour).
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7.6, Development of a Fast Power Diode /128

For many applicaticons, dlodes are required which transpose
rapldly from the conducting te the blocking state (fast
recovery diede). For this a short carrier lifetime i1s necessary
and is achleved with gold diffusion. In 83 diffusions, the
influence of diffusion temperature on lifetime and thus con the
quantities crucial for the operation of the component such as
the forward voltage drop Up and the storage charge Qgpg (Fig. 51)
was studled. Temperatures in the range from 840°C to 924°¢C
were employed with diffusion times of 1 hour in each case.
The starting materials were normal galllum~diffused p=n-p slices
for the D 300 dlode (slice diameter 19 mm, thickness of n-type
base dy = 150 um), since the diode to be developed was intended
o have a continuous limiting current of about 250 A {D 300 =
= diode for 300 A continuous limiting current). In Fig. 52,
the values of Up and Qgpg obtained from various gold diffusiocns
are plotted, giving the scattering at 880°C. The two curves
run in opposite directions. The electrical-englineering
requirements on the diodes place limits on Up and Qgpg (Qgpg and
Up should not exceed a maximum value). There is only a nabrow
range 1n which both Up and Qgpg lie under thelr respective limits.
This region was investigated more carefully (see Fig. 53). The
ranges of varlatlon are entered in this diagram.

For this speclal fast diode the requirements are: Qspre <
< 30 uC, measured with a forward current iz = 500 A and
~dip/dt = 25 A/usec, and Uy < 1.6 V for iz = 500 A.

These requirements are satisfied for lifetimes 2.2 usec <
< Tg £ 3.1 usec. The chosen lifetime must therefore lile within
this Tolerance range. The specification for Tty would therefore
be placed in the center of the range, i.e. at 2.6 usec. The TK
scattering of the gold diffusion procedure 1s small enough to
keep the experimentally obtained values within the glven limits.

Normally, the lifetimes obtained at a once .chosen. gold /129
diffuslon temperature for varicus crystals from one and the
same manufacturer (Wacker-Chemitronic) also lie within the
permissible limits, and otherwise a slight temperature change
(maximum #10°C) is sufficient to bring the lifetimes into the
prescribed range. In order to avold yleld losses, a specimen
diffusion is generally undertaken, l.e. several slices from one
crystal are gold-diffused and measured, from which any required
- Lemperature change can be determined, e R

In the manufacturing procéss_given here for a fast power

dicde, the gold diffusion temperature Is normally 88Q°C, ang
the diffuslon time 1 hour. ' Changing the temperature by +5°C

87



shiffted the mean value of Ty to:smallér values, but here too
the distributlon lay within the given limits.

The Tk distribution obtalned by this procedure proved to
he sufficlently narrow for the application. Its width Is
substantlally less than the width of the Ttk tolerance region
2.2 usec < Tx < 3.1 psec.

The situation is less favorable for applying gold diffusion
to frequency thyristors, because the Ty tolerance region is
smaller than that for diodes. HNot only the forward voltage
drop Up and the recovery tlme &y but also the Ignition current
igr of the gold diffusion are influenced. There are prescribed
1imits for all three parameters which must not be-exceeded.

In this situatlon, a specimen diffuslon is requlred 1in every
case, even more than one under certain circumstances, in order
to place the mean value of 1Ty in the narrow tolerance range.

T.7. Summary

The influences of gold diffusion on carrier lifetime and
assocliated quantities are investigated for silicon dlodes.
A relatlionship between diffusion temperature and lifetime was
obtained which 1s sufficiently preclsely reproducible for the
application. Temperatures greater than 750°C are required to
shorten the lifetime. Gold diffusion for 1 hour at 890°(C
results in a typical lifetime value 1ty = 2.5 usec. The
influence of diffusion time 1s slight compared with that of
the temperature.

The lifetime obtained depends on the capacity of the gold
source at the surface of the silicon slice. Thils was shown by
interrupted diffuslions, in which the essentlally inexhaustible
Au reservoir on the surface was removed after a short pre-
liminary diffusion.

The type of gold application (deposition from the vapor or
coating in agueous solution) has no influence on the lifetime
obtalned. Coating in aqueous solutlon was preferred.

Lifetime control in the development of a fast power diode
(contlinuous limiting current 250 A) was described.

. " Summary

Téchnolqgical and physical probléms in control of carrier
lifetime In slllicon were studied. The Investigations concen-
trated on controlllng the lifetime of the free charge carriers
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in the wlde n-{ype base regilons of_galliﬁmudiffused thyristor
and dlode structures in power electronics.

The information obfalned and the cdevelopment results can
be summarized as follows:

a) The essentlal techrnological procedure for lifetime
reduction is the indiffusion 6f gold as a recombination center.
The gold diffuslon process proved to be. structure-dependent.
The observed scattering of lifetime values from one crystal to
the next after gold diffusion was attributed to the different
Vacancy generatlon rates. Radlochemical measurements yielded
the following relationship for the largely positlon-invariant
gold concentration Cg in the n-base reglons of the slices as
a function of time: Cg = vkof, where the dependence of the
constant ks on the real structure of the crystal causes the
scattering of the gold concentration and lifetime values. The
Scattering 1n the lifetime values can be reduced by a two-step
diffusion process.

b) In the production of fast power diodes, the required
reduction in lifetime can be carried out by indiffusion of
gold in a fashion sufficiently reproducible for the applica-
tion, when uniform crystal material (same producer, same
procedure) 1s used. The type of gold application has no
Influence on the resulting lifetime. Coating the slices in
aqueocus solution (chlorecauric acid) under the action of
ultrasonics proves to be a very logical procedure for applying
the gold. Temperatures above 750°C are required to shorten
the lifetime. The influence of diffuzion time is slight in
comparison with that of temperature. The lifetime 1s con- /132
trolled by the choice of diffusion temperature, using a constant
diffusion time of 1 hour. One-hour gold diffusion at 890°C
results in a typical lifetime value of 2.5 usec.

¢) A practically feasible technological procedure to
increase lifetime is the phosphorus gettering process. It finds
appllcatlon to components (e.g. thyristors with high reverse
voltage rating), for which the lifetime after gallium diffusion
1s too small. Even when the gettering process is carried out
at relatively low temperatures below 1000°C, it works very well.
Traces of heavy metals which enter during the diffusion treatment
are removed from the Interlor of the SI slices. The gettering
mechanism consists In the formation of heavy-metal-phosphorus
compounds (e.g.-AupP3} in the n*-type region produced at the
surface through phosphorus diffuslon. The effectliveness of the
gettering procedure and the remaining traces of heavy-nmetal
impurlties are checked radiochemlcally. The lifetimes attain-
able by phosphorus gettering are limited by the appearance of
other lmpurities not belonging to the heavy metals and which
cannct be gettered with phosphorus.
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d)} Lifetime values up to.300 usec are achieved in diffused
slices by means of s new gallium diffusion procedure which
explolts the gettering and doping properties of liquld gallium
layers on silicon. This procedure combines doping and gettering
into a single step. The procedure by whilch the slices are
cleaned before diffusion, the purity of the gallium emplocyed,
and the cleanness of the vicinity of the slices during diffusion
all have an astonishingly small influence on the resulting hlgh
lifetimes.

e) The temperature variatlon of carrier denslty in p-type
and n~type conducting silicon slices (10-10,C00 &cm) was deter-
mined from measurements of the Hall effect in the temperature
range between 100 X and 480 XK. Analysis of the concentration-
temperature curve makes it pessible to defermine the concentra-
tion of deep Impurities even in cases in which radiochemical
methods faill.

In ordinary n-type conducting zone-pulled starting crystals
for component production, there are already deep impubities in
varying concentrations (scme 1012 em~3)}. This initial level of
deep Impurities has dropped in recent years, as studles 1n
crystals of various "ages" have shown.

Gallium diffusion (Si slices about 70 hours in Ga vapor in
an argon atmosphere at about 1200°C) is always associated with
penetration of relatively rapidly diffusing deep impurities.
The concentrations of these deep impurities (several 1013 cm=3)
far surpzss those present in the startlng material. The inJected
impurities are donors of a type with an activation energy of
Egp = 0.28 + 0.01 eV, as shown by analysis of the log n.vs.
1060/T diagram. The deep donors are homogeneously distributed
in the base regions but occur 1n different concentrations from
one sllce to the next. They affect the carrier lifetime. The
deep donor cannot be detected radicchemlcally. It is probably
an element of the second or slxth group of the periodle¢ table.
The strongest suspicion falls on sulfur. The source of the
impurity is sought outside the preparation of the slices and
the ampules. The results support the hypothesis that the
permeability of the quartz ampule plays a large role at the
high diffusion temperatures.

The level of deep impuritles 1n the component 1s decisively
determined by the galllum diffusion (gallium vapor). The
-- further- steps. in thyristor production, such as-gxidation—-in - -
molst oxygen and the subsequent phosphorus diffusion, are not
accompanlied by any substantial changes in the iImpurity level.

9G .
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Gettering produces marked decreases 1n the impurlty level. 134
However, only some of the incorporated deep Impurities can be
eliminated. I ‘

Highly resistive n-~type and p-type conducting slices,
subjected to the production process together with normal n-type
sillcon slices, are well sulted to check the impurity level
during the production process. . Unknown pencetrating Impurities
can be sensitively detected by changing the net doplng Iin
these praobe slices.

) The decay time method can be used to measure the life-
time 1n the n-base regilon aof ptnpt and ntptnpt slices with
comparatively 1ittle preparative effort. In particular, the
method is applicable to finished thyristors. The measurement
proceeds as follows: An initially constant and then exponen-—
tially decaying voltage is applied to the slices to be tested,
which must be held at elevated temperature. The current
through the slice i1s observed. Under certain conditiocns, it
passes through a minimum. The time interval between this
minimum and the beginning of the voltage decay is the decay
time tg.

The new lifetime measuring method was checked on a large
number of ptnpt and ntptnp* slices. As a comparison, the
lifetime was measured for the same specimens by the retention
time method. The measured value of tg depends on, among
other things, the resistivity of the n-base region, the
temperature, and the time constant of the voltage decay.

This procedure can be applied in productlon in quantity
of slices of a specific type. With appropriate cholce of
measuring conditions, there is an approximately linear relation-
ship between tg and the lifetime. Separate calibration is
required for each type of slice.

The method 1s not applicable to slices with short lifetimes.
achieved by gold diffusion. Such slices behave completely dif-
ferently In the decay time measurement from slices with short
lifetimes without gold diffusion. The differences in behavior
between gold-diffused and non-gold-diffused slices with the
same short lifetimes 1s interpreted to mean that a recombination
center cther than gold predominates in non-gold-diffused slices.
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Dgg = self-diffusion constant as defined by [23]

Dy = double vacancy diffusion constant

DT = diffusion constant for gold in interlattice
diffusion

D = constant for diffusion of gold over lattice sites

DY see (17)
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Fig.
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32. Relationship between decay time tq and
concentration of deep impurities after
Ga diffusion.

a. 1/tg
b. v =R

U8 = usec

(400 K)/R (400 X)

Healc. Hmeas.
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Temperature dependence of charge carrier
density in highly resistive Si slices
after various steps in the process of
thyristor production.

Ga diffusion, oxidation, oxide removed, P diffusion
Ga diffusion, oxidation, oxlde left on, P diffusion
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Fig. 37. Decay time measurement.measuring apparatus;
voltage and current as functions of time.
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Current measurement

Si p*npt slice at temperature 8, protected
from light

Applied voltage curve

Measured current curve at elevated temperature
(e.g. & = 130°C)

Current minimum

Decay time tg
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Temperature dependence of current curve
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slice (t = 0: beginning of voltage drop).
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Middle n-type region
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Key: a. Pressed-on electrodes
b. Structure of ntptnpt slice, contacting and
polarity in tg measurement
¢. Diffused
d. p-n Junctions
e. Alloyed contacts
f. Structure of pTnnt diode
g. Recrystallized
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Key:
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¢. Measurement
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Fig. 46b. Relationship between decay time
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\TABLE 1.

- Diede1, Wh=800um Diode 2, W,=800 um
| Gold -aifrused ‘
(n{i,zum 5_21i 201|521
PT | '
=0 | P loss| les| [oz [ao| |25] |a0]
35y |92 {81 |7 |60 55| (24 {20 |170 |13 s
= 0mA =
fis) |23|24126)|30|38| |60 |60 |62|65 72
; ' ts
| - 5y 12626117 w|os| [w04]79]54 |29 |18
L= Pro (L ) L
j (ii.:‘i’ 7[17118({21|25 53 {85 |57 |88 {77
Diode 3, W, = 3mm Dicde 4, Wo= 4mm
Gold -dirfused Gold - diffused
iy |2 (1|5 f2|1] f20f{0]5]2]1
I=0 T 303 [25]20] 12| |® 85 70
| t. (23 [19 |® [ms)9 | leo |51 k3 B4 |25
| OImA i
| T° | 67|57 |58 |54 |62] |5 |®2/|18 (173 173
t; [12 |8 |S4f{7d|{w| [ |B5|5 |6 |48
Lopma : € | &
- | T,® |61 |5.|57]541861| {183 |®4 170 [177 [208
Diode 5, Wy= 3mm Diode 6, W= 3mm
Ir |20|1w0|5|2|1| j20|0!5 |2 |1
Ir=0 e | |8 1% 85 70 50
ts 126 M08 B4 58 |42 | 455 370 [300 |205 [142
IR='0,1THA s i
T° |315(32 |31 [206292| [+16 {110 [110 [105 | 98
ts lsa {50 % |6 |8 | |260!me j124 |56 286
IR=1DmA 5
| T,° [35 346 360{322(348| {132[130[132 |17 116
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TABLE 2.

TPl (ps) [ToStps) |65 (ps)
lode (20mA)  [Ir=01mA | Ir=10mA

1 0.9 2.8 20
2 30 6.4 6.0
3 30 58 - 58
4 10.0 16.1 176
5 200 307 " %S
6 es0 | 108 1254
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TABLE 3. VALUES OF t BEFORE AND AFTER GOLD DIFFUSION.

Starting silicon -

Gold diffusion conditions

146

| 785°%/1h | 805°C/1h
Producer and crystal " »
Tp Toit) Tp T
number | (ps} | {ps) | (ps) (ps)
Wacker /AEG 90 | 49 | 140 | 29
LK/ ZN 325 16,5 68
Haldor Topsél (DK) M5 | 122 { 12 L8
37 -06 - 01 | 160 | 78 21 L5
‘Wacker Chemitronic 260 | 144 | 15 -
300400/9 ' -
Komatsu / Japen
16 69
FV 36497
Texos Inst./ USA '152 38 | 180 | 102
Lopex 35442 ) ' e
Dislocation density in all erystals % 1014 cm_2,

except for Lopex 35442 % Q.

/185
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TABLE 4.

t(p 0 1 2 3 5 | 7 12 | 2 | 93 | 180
Diode 1 ga5 | 49 | 3¢ | 30 | 258 | 22 | 22 | 18 | 15 | 1
Tp(t) (ps) ) - : | S
Diode 2 / N
Tolt)us) | | M6 | 75 | 68 s. | 41 | 34| 25 | 15 ] 18
Dicde3 . |

F A
s | 76 | 58 | 5o | 41 | 3 28 | 23 | 15 | 15

“~



Diode 6 (Lopex 35442) To's B2us, Tmin=15ps
T o | g ] ¢
bs) (ps) {ps)
3 10.8 0.0925 0.0255 0.04
5 8.8 0.102 0.036 0.054
7 8.3 0.120 0.054 0.081
12 7.0 0.143 0.077 0.115
28 5.4 0185 0.118 0.16
92 7 0.27 0.20 0.30
180 2.8 0.357 0.291 0.44

Di.de 7{Komatsu 54973), T'=16Cus, Tmin=15 s

pirfusion T (t) —1_ ~l-_1 | Ich
t(h) {us) t(;.':s()t:1 Tp{(t}:s)*'r ”
3 6.8 0.147 0.085 0.13
5 59 017 0,11 0.165 .
7 5.0 0.20 0.14 0.21
12 4.2 0.24 0.8 0.27
28 3.2 0.31 0.25 0375
92 2.0 05 0.44 0.66
180 1.5 067 0.61 0.91
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TABLE 6.
S e I A o T

" (us) (us)
1 LKIZN 325 110 2p 15
2 4K/ ZN 325 135 18 14
3 TK I WZN825 %e 27 17
b | Lopex 17364 60 3 2.8
5 BK/WZN733 1041 37 15
6 HT. 307081 120 30 15

.
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o
<
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TABIE 7.
Concentrations per em> Residugl coﬁcentra;ions
‘G ot in phosphorus silicate per cm
. Getterin 1 )
Tempera%ure =2
Au Cu Au Cu
800°C 2.2x10™ 4 %10 2x 10" < 10"
900°C | 1.5x10® | 10x10® | 41x10" <"
1Ko, 1210 3.0 x10" 1.4x18" < 10"
100°C | 4.0x17™ | 1.5x10% | s50x10° | < 10™
1200°C 1.0x10" 1.2 x90% < 2x10" < 107

~
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D
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TABLE 8.

GOLD CONCENTRATION
ING OR DIFFUSION TEMPERATURE = 1160°C.

GOLD DIFFUSION CONDITIONS,

3.25-1015 ¢m-3

20 HOURS AT 900°C
(INITIAL); GETTER-

Residual

Gettering ?eﬁgtnabibﬂ igiiggir;f Au concen-
: . s th X
Difgision (hoﬁg) (Pn$ z;on pet ;Zitigg
'3.6x10"
Phosphorus 1% 85 107 -
1.4% 10"
13
Arsenic 20 85 L 8xin*’ 124x10 -
1.27x10%°
3.44x 10"
Boron 1%z 1o 4x10% e
3.37x 10
11
Galtium 2 -— ek
8.9x10" ||

/190
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TABLE 10. INFLUENCE OF GETTERING AND GOLD DIFFUSION ON LIFETIME AND DECAY TIME OF
GALLIUM-DIFFUSED SLICES.
) - - it - -l

Group N 'Zko ta _(gaﬂOOuS) t g{ig =0) G(ta=100ps) i,

25°% 130 °C 130 % 130 °¢

/us/ /vs/ /us / /c%/ /uA/
A 3]1.2-128-19 | 15 - 16~ 17 1M - 12 = 12 | WW2-143-184 | 0.73-0.74-0.75
B 6 |43.5-46.4-54.5 [ &5 - 98 -200 95 -131 ~-175 | 137-144-147 | 0.62-0.81-1.25
o 2 |53.4-57.5-61.6 | 105-120 -135 235 -235 -235 141-142-142 | 1.40-1.53-1,65
D, 2 |20.2-21_ 3-22.4 28~ 31 ~ 34 17 ~ 18 = 19 | 137-138-138 | 0,92-0,94-0.96
D, 3 [11.3-11.5-11.8 [not measurgble 6~ 6~ 6 120-122-123 1.35=1.42-1.50
Dy 2 | 4.2- 4.6~ 4.9 [not measuraple 1- 1~ 1 106-107-107 2.50~2.53-2.55

N

number of ptnpt slices studied per group

Further explanations, see Section [6].5.3J
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Commercial prqprietary:rights'Cinvéntion paténts.and patented /193
deslgns) from the development program:i

1) Title:

Procedure for determining the carrier lifetime in semi-
conductor component slices with at legst three reglons of alter-
nating conduction type.

The invention concerns. a procedure: for determining the
carrier lifetime 1n the interlor of semiconductor component
slices with at least three reglons of alternating conduction
type. After an edge etching treatment, the component slices are
pPlaced between two contact electrodes. They are protected
against light and held at a temperature between 50° and 160°C,
while a d.c. voltage is applled whose polarity is such that
only one p-n junction of each slice 1s polarized in the reverse
direction. The voltage is held constant for 1 msec and then
decreased exponentially. Current 1s measured as a function of
time. The time interval until the current minimum 1s a measure
for the carrier lifetime.

Document No.: Applicant:

P 20 37 089.2 Iicentia Patent-Verwaltungs-GmbH
6000 Frankfurt

Application Date:
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2) Title:

Procedure for doping a semiconductor

The invention concerns a procedure for doplng a semicon-
ductor by indiffusion of gallium. The gallium diffused inward
from a liquid, gallium-contalning phase on the surface of the
semiconductor.
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3] -Title:
Brocedﬁre_for producing a semiconductor component .

The invention concerns a procedure for producing a seml-
conductor component, the semiconductor of which contalins a
predetermined concentration of deep impurities acting as
recombination centers. After the production of the semicon-
ductor and if necessary after its preliminary doping and dis-
section’"into slices or wafers, but before the doplng of the
semiconductor, before contacting, and before insertion in a
case, a production step is interpolated. which permits selection
of semiconductors. The selectilon parameter is the temperature-
dependence of the Hall constant, which is defermined by
measurement.
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